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Executive Summary

This report focuses on wildland fire management and response outcomes—in the context of fire and fuels research 
and development (R&D) at the Forest Service, an agency of the U.S. Department of Agriculture (USDA)—that have 
transformed the business of wildland fire in the United States. This research has resulted in knowledge, data, and 
applications that have contributed greatly to the following outcomes.

Outcome 1. Enhanced Physical Fire Science
Wildland fire managers and responders are able to predict the occurrence, extent, and severity of fires with more 
precision and accuracy resulting in better decisionmaking, resource allocation, and firefighter and public safety. 
National systems that characterize fire danger and risk are maintained and innovated. 

Outcome 2. Better Access to Smoke and Emissions Tools
Practitioners and regulators have access to information and tools for estimating smoke and emissions from wildland 
fire to support decisions about suppression, managed wildfires, and prescribed fire implementation, primarily to 
address firefighter and public health and safety.

Outcome 3. Advanced Wildland Fuels Management
Wildland fuels are characterized using consistent and comprehensive science and technology to meet diverse 
objectives and ensure effective investment strategies to restore resilient landscapes, mitigate wildfire risk, and 
deliver benefits to the public. 

Outcome 4. Improved Social and Economic Context for Wildland Fire 
Management and Response
The public is aware of the costs and benefits of wildland fire management and response, and socioeconomic 
research and development are foundations for large landscape collaboration, organizational performance and 
effectiveness, and firefighter and public safety. Fire management organizations have access to information and tools 
to improve performance through learning and innovative leadership.

Outcome 5. Strengthened Wildland Fire Ecology Practices Supporting 
Landscape Restoration
Diverse and comprehensive information and tools that characterize the ecologic costs and benefits of fire are avail-
able to support the restoration of resilient landscapes; deliver clean, abundant water; and strengthen communities. 
Accessible science and technology exist for adaptive and collaborative fire management in the face of changing 
baseline conditions.
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Introduction

The Research and Development (R&D) Wildland Fire and Fuels program at the Forest Service, an agency 
of the U.S. Department of Agriculture, continues to be an internationally renowned program for generating 
critical and essential data, knowledge, and applications for all phases of wildland fire management and 
response. This report provides a primer on the breadth and depth of Forest Service wildland fire and fuels 
R&D and synthesizes the robust and diverse body of recent Forest Service fire research in the context 
of outcomes that have improved the wildland fire management and response in the United States.

Background
Wildfire management poses unique challenges. Although every year wildfires have significant 
negative impacts on human communities (e.g., fatalities and injuries, damaged or destroyed 
homes and infrastructure, poor air quality), in many ecosystems, wildfires are also a critical and 
beneficial ecological process. Nearly every landscape in the United States has a history of fire, 
but the patterns of fire frequency, size, and severity have changed over time in response to 
changes in climate, land use, and exotic invasions (Scott et al. 2014). The cascading effects 
of more than a century of fire exclusion and fuel buildup, changes in land use, extended 
drought, warming temperatures, and the spread of invasive species, however, have led 
to widespread changes in fire regimes across the United States. In many landscapes, 
wildfire has been excluded by effective suppression, and, as a result, wildland fuels have 
accumulated and, correspondingly, the size and severity of uncharacteristic fires have 
increased dramatically. In other landscapes, fire frequency has actually increased 
because of human-caused ignitions or invasive species and, in other landscapes, such 
as large wilderness areas, fire regimes remain essentially unchanged. 

These changes have added further complexity to an already complex issue. 
Wildfire risk to highly valued resources, critical infrastructure, and environmental 
quality generally is expected to continue to escalate as communities continue 
to expand into the wildlands; changing climate leads to increased temperature 
and varying precipitation patterns; and the complexity, frequency, size, and 
severity of wildfires increases (McKenzie et al. 2011). Between 2008 and 
2015, an average of 6.3 million acres a year burned in the United States 
(http://www.nifc.gov), which is about 170 percent of the average annual 
area burned between 1985 and 2007. Costs to society have also been 
increasing. Federal agencies now spend an average of more than $1.7 
billion per year on fire suppression. Additional millions are spent on 
wildfire recovery activities by State, tribal, and local governments and 
by public and private organizations such as utility and insurance 
companies. Losses from damage to resources and infrastructure 
and the economic impacts of wildfires can be many times the 
cost of suppression alone (AFE and TNC 2015). Wildland fire and 

http://www.nifc.gov


Research and Development Wildland Fire and Fuels Accomplishments and Outcomes2 /

land managers are thus challenged with balancing the 
positive effects of fire in many landscapes with the risks 
posed to communities and ecosystem values from 
historically uncharacteristic wildfires. This challenge 
is compounded by the uncertainty surrounding the 
changing nature of wildfires in the decades to come.

Wildland Fire Science in the 
Forest Service
The R&D Wildland Fire and Fuels program has a rich 
history in the Forest Service, where its most successful 
periods resulted from partnerships with the fire manage-
ment community. The mission of the R&D Wildland Fire 
and Fuels program is to support science and technology 
needs of Federal, State, tribal, and local governments, 
and also private land managers, by delivering knowledge 
that enables the mitigation of wildfire risk and fostering 
resilient, adaptive ecosystems to mitigate climate change. 
The Forest Service R&D Deputy Area strives to be 
recognized as a global leader in delivering innovative 
knowledge and applications for sustaining global forest 
resources for future generations. Forest Service R&D 
provides information and solutions to sustain forests 
and grasslands and deliver benefits to the public, and 
it applies this knowledge globally. Working closely with 
the leaders of wildland fire management organizations, 
practitioners, incident command teams, and wildfire 
responders, Forest Service R&D has played a vital role 
in U.S. wildland fire management and response programs 
since the early 1900s and continues to develop new 
knowledge and products that support evolving fire 
management and response needs in the context of the 
growing complexity of fires in the United States (USDA 
Forest Service 2006). 

Three influential examples of Forest Service R&D’s con-
tributions, developed more than a quarter of a century 
ago, that have changed the way fire managers in the 
United States and other countries manage and respond 
to wildland fires are as follows: 

1.	 The Incident Command System (ICS) provides 
the common management structure that all wildland 
firefighters and support personnel work under when 
they come together and respond to an unwanted 
wildland fire or other incident. The system was de-
veloped as part of the Riverside FireScope Research, 
Development, and Applications (RD&A) program in 
the 1970s and has been used since its inception 
in Federal fire response. Over time, the system has 
been adopted by emergency responders around 
the world and, in 2001, as a result of the important 
role it played in the 9/11 response, ICS became the 

management structure used to manage all natural 
and human-caused disasters in the United States.

2.	 The National Fire Danger Rating System (NFDRS) 
is used by wildland fire managers to assess seasonal 
progression of fire danger, allocate firefighting assets, 
determine use restrictions, and communicate fire 
risk with the public. 

3.	 Fire behavior prediction systems that use the 
Rothermel (1972) model are used by Federal 
agencies and others to predict fire behavior on 
wildland fires. This model is employed as the core 
of many fire behavior and decision-support applica-
tions that rely on fire spread prediction. 

Forest Service R&D management’s vision is that new 
knowledge and applications produced by the Wildland 
Fire and Fuels program will continue to inform the way 
that Federal, State, tribal, and local governments and 
other organizations—

•	 Establish and maintain resilient landscapes.

•	 Promote fire-adapted human communities.

•	 Safely and effectively respond to wildfires.

•	 Deliver benefits to the public by decreasing the 
negative effects of wildfires.

•	 Effectively deliver new knowledge and applications 
globally.

In this report, we detail the specific Forest Service R&D 
knowledge and applications developed in recent years 
and how they have transformed the way that wildland 
fire leadership and practitioners across the United 
States manage wildland fire and respond to wildfires 
and have led to significant positive outcomes in the 
business of wildland fire and benefits to the public.

Program Description
Our mission is to support R&D needs of Federal, State, 
tribal, and local governments and private land managers. 
Forest Service R&D scientists collaborate with partners 
in other Federal agencies, industry, nongovernmental 
organizations, colleges and universities, State forestry 
organizations, and other governmental agencies. 
Research benefits the owners and managers of working 
forests and rangelands and also wildernesses and other 
protected areas, and it helps restore healthy forests 
and protect communities. Forest Service R&D has the 
flexibility to address today’s issues effectively and to 
anticipate tomorrow’s needs. Research is conducted 
at five regional research stations, the International 
Institute of Tropical Forestry, and the Forest Products 
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Laboratory (FPL) by 498 scientists, working in 67 loca
tions and covering 45 Research Work Units (RWUs) 
throughout the United States and in Puerto Rico. The 
regional areas of coverage of the research stations and 
the location of the FPL are shown on the map in figure 
4 of the Appendix. Each research station is managed 
by a station director, who has primary responsibility 
for allocating resources, managing personnel, and 
structuring and implementing programs within the 
station. Station directors report directly to the Chief of 
the Forest Service.

Forest Service R&D Program Planning and 
Evaluation

Forest Service R&D has focused on strengthening the 
conformance of its research program to the President’s 
Management Agenda criteria for Federal research agen
cies: relevance, quality, and performance. 

Although research stations vary somewhat in their 
structure, each station has a basic working unit that 
performs research in specific areas. The basic unit 
in most stations historically has been the RWU—in 
general, a group of three to eight scientists working on 
a common set of problems. With increasing need for 
interdisciplinary research and increasing pressure to 
decrease the number of scientists carrying out admin-
istrative duties, most stations are moving to a structure 
of larger programs, with flexible teams within them, 
that can be more responsive to changing priorities 
and budgets. Individual programs or RWUs in each 
research station are reviewed periodically for alignment 
with national and regional priorities. All research groups 
(programs or RWUs) in the Forest Service are required 
to operate under formal charters, which are developed 
based on input from users, internal and external peers, 
and headquarters staffs. Charters are reviewed and 
approved both by the station director and by one or 
more staff directors in the Washington Office. Most pro-
grams are chartered for a 5-year period. The chartering 
process includes reviewing past accomplishments and 
evaluating capacity and emerging priorities. We expect 
the results and recommendations of research stations 
and reviews of national programs to provide significant 
inputs into this process.

Additional processes are in place for reviewing individual 
scientists and also research plans and work products. 
Individual scientists undergo periodic peer review and 
evaluation of their positions and accomplishments 
through the Research Panel Process, which is similar 
to many faculty review processes at universities. Peer 
review processes are also in place for both study 
plans and manuscripts intended for publication. Each 

research station has a quality assurance/quality control 
(QA/QC) plan that is tied to the national Forest Service 
R&D QA/QC plan. During 2014, a restructuring of the 
Forest Service R&D headquarters staff was initiated to 
improve responsiveness of the R&D Deputy Area to the 
Investment Criteria. This restructuring has enhanced the 
agency’s ability to document and improve relevance, 
quality, performance, and efficiency of R&D programs.

Forest Service R&D Strategic Program Areas

Complementing strategic-level processes is the decision 
by the Deputy Chief of Forest Service R&D to move 
toward a research program organization that emphasizes 
Strategic Program Areas (SPAs). The seven research 
SPAs are (1) wildland fire and fuels, (2) invasive species, 
(3) water and air, (4) wildlife and fish, (5) recreation, 
(6) resource management and use, and (7) inventory 
and monitoring. National teams have been established 
in each of these SPAs to provide more coordinated 
program planning for those issues that transcend the 
regional boundaries of research stations and to provide 
better ways of describing the agency’s research pro
grams to the Administration, the Congress, and the 
public. The Wildland Fire and Fuels SPA team, which 
includes both national office and research station 
representation, works to improve program integration, 
enhance cross-station and interagency cooperation, 
and increase visibility of Forest Service R&D programs 
with partners and users.

At the field level, the research stations are rethinking 
their organizational structures to respond to changing 
issues and administrative realities. These efforts are 
in various stages of completion, but, in all cases, the 
SPAs are a significant factor in determining organiza-
tional structure, program content, and strategic direction. 
Wildland fire and fuels research will continue to be an 
important program area for all research stations for the 
foreseeable future.

Strategic Planning

The overall goal of the R&D Wildland Fire and Fuels 
program is to “provide the knowledge and tools that 
managers use to reduce the negative impacts and en-
hance beneficial effects of fire and fire management on 
society and the environment.” The strategic plan (USDA 
Forest Service 2006) provides a detailed framework for 
guiding the national program of fire-related R&D.

The Wildland Fire and Fuels R&D strategic plan is 
designed to maintain a solid basic research program, 
while addressing the short- and long-term needs of land 
managers and other clients and stakeholders. The plan 
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supports the Forest Service and the U.S. Department 
of the Interior (DOI) national priorities of protecting com-
munities from catastrophic wildland fire and improving 
and sustaining the resilience of wildland ecosystems. 
The plan also supports needs identified in the recent 
Committee on Environment, Natural Resources, and  
Sustainability task force report published by the Sub-
Committee on Disaster Reduction of the President’s 
National Science and Technology Council that outlined 
research and technology needs for reducing the impacts 
of major hazards, such as fire, on societies, economies, 
and natural resources. 

Wildland Fire and Fuels Strategic Plan

The 2006–2016 Forest Service Wildland Fire and Fuels 
R&D Strategic Plan (USDA Forest Service 2006) outlines 
three main activities for the program.

1.	 Research. Conduct basic and applied scientific 
research to enhance knowledge for use in developing 
the next generation of predictive and decisionmaking 
tools. Forest Service Wildland Fire and Fuels R&D 
teams will work with external partners to conduct 
research in four portfolios.

a.	 Core fire science: physical fire processes, 
fire characteristics at multiple scales, and fire 
danger assessment.

b.	 Ecological and environmental fire science: 
fire effects on ecosystem components and 
interactions between fire and the environment.

c.	 Social fire science: public interactions with fire 
and fuels management, socioeconomic aspects 
of fire and fuels management, and organizational 
effectiveness.

d.	 Integrated fire and fuels management 
research: management strategies and multiple 
scales, treatment and disturbance effects on 
ecosystem components, and harvesting and 
use of biomass removed for fuel reduction.

2.	 Science Application. Promote application of 
knowledge and tools by policymakers, wildland fire 
managers, and local communities. Work under this 
goal will ensure that knowledge generated by the 
Forest Service R&D is effectively transferred to user 
communities.

3.	 Leadership. Provide leadership for development 
and implementation of a nationally coordinated Wild
land Fire and Fuels R&D program. Forest Service 
scientists and research leadership will strengthen 
collaborations with other agencies and partners to 
ensure that federally supported R&D programs are 
efficiently structured to reduce the negative impacts 

of wildland fire on people, property, and the environ-
ment, while working to improve the overall health of 
communities and the environment.

Alignment With Forest Service and Interagency 
Strategic Plans and Goals 

The agency’s top management recognizes fire and 
fuels management as one of the Forest Service’s most 
important resource issues. Fiscal year (FY) 2015 was 
the most expensive fire season on record. The Wildland 
Fire Management appropriation totaled more than $2.3 
billion, which was 46 percent of the Forest Service’s total 
discretionary appropriation in FY 2015. Fire suppression 
alone cost the Forest Service more than $1.7 billion in 
FY 2015. In FY 2016, the Wildland Fire Management 
appropriation represented more than 42 percent ($2.38 
billion) of the Forest Service budget. 

The Forest Service works closely with DOI, other Federal 
agencies, States, and tribal and local governments in 
fire management planning, in determining wildland fire 
R&D needs, and in the application of research results. 
Wildfire risk is one of the four threats identified by the 
Chief of the Forest Service. The R&D Wildland Fire and 
Fuels program aligns closely with Forest Service national 
goals, as outlined in the Forest Service strategic plan 
and other documents.

Forest Service wildland fire and fuels R&D aligns most 
closely with the current Forest Service Strategic Plan 
(2015–2020) Goal 1: Sustain Our Nation’s Forests and 
Grasslands (http://www.fs.fed.us/sites/default/files/
strategic-plan%5b2%5d-6_17_15_revised.pdf) and 
with the two strategic objectives—A. Foster resilient, 
adaptive ecosystems to mitigate climate change, and 
B. Mitigate wildfire risk. Wildland fire and fuels R&D also 
contributes to other strategic plan goals of conserving 
open space, providing abundant clean water, strength-
ening communities, delivering knowledge globally, and 
connecting people to the outdoors. 

A number of other national planning documents support 
the need for an active R&D Wildland Fire and Fuels pro
gram in the Forest Service. These documents include 
The National Cohesive Wildland Fire Management 
Strategy (USDA and DOI 2014a), a strategic initiative to 
work collaboratively among all stakeholders and across 
all landscapes, using best science, to make meaningful 
progress toward three main goals: (1) resilient landscapes, 
(2) fire-adapted communities, and (3) safe and effective 
wildfire response.

In 2014, the Forest Service and DOI completed a joint 
assessment of their wildland fire management programs. 
This 2014 Quadrennial Fire Review Final Report (USDA 

http://www.fs.fed.us/sites/default/files/strategic-plan%5b2%5d-6_17_15_revised.pdf
http://www.fs.fed.us/sites/default/files/strategic-plan%5b2%5d-6_17_15_revised.pdf
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and DOI 2014b) sought to identify and explore key wild-
land fire management issues in the United States; assess 
the efficacy of current policy, strategy, and programs 
in expected future environments; and present a set of 
related actions for consideration by Federal wildland fire 
leaders at the Forest Service and DOI. The 2014 qua-
drennial fire review (QFR) process included a “baseline 
assessment” focused on four key issue areas (changing 
climatic conditions, risk management, workforce, and 
operational capabilities), development of four plausible 
alternative futures set in 2034 and related insights, 
and distillation of eight strategic-level conclusions and 
actions for consideration by fire leaders. Wildland fire 
and fuels R&D has a role in helping managers address 
each of these key issues.

Implementation of the Strategic Plan

The Wildland Fire and Fuels R&D Strategic Plan was 
approved by the Forest Service Research Executive 
Team (FSRET)—which includes research station 
directors, Washington Office staff directors, and the 
Deputy Chief and Associate Deputy Chief for Forest 
Service R&D—in the fall of 2005. The responsibility 
for leadership in the implementation process rests 
largely with the national Wildland Fire and Fuels SPA 
team and its executive co-leads (the staff director 
for Forest Management Science in the Washington 
Office and the station director for the Rocky Mountain 
Research Station). The Wildland Fire and Fuels SPA 
team includes representatives from Washington Office 
R&D staffs, an ad hoc representative from Fire and 
Aviation Management, and a representative (typically 
an assistant station director or program manager) from 
each of the research stations. It is currently led by 
the national program leader for wildland fire and fuels 
R&D. For purposes of internal program management 
and coordination, we define five national portfolios, 
which include the four science areas described in the 
strategic plan and also science application. As part 
of the implementation process, FSRET approved the 
establishment of five national portfolio teams to foster 
coordination within and across research stations. The 
function of these teams is to evaluate existing programs 
and capacity, build voluntary internal and external col-
laboration, and make recommendations on improved 
program coordination and on program direction and 
capacity needs to the national Wildland Fire and Fuels 
SPA team and, through them, to FSRET. These teams 
include representation (typically at the scientist, team 
leader, or project leader level) from all research stations 
and also staff liaisons from the national SPA team. 

SPA and portfolio teams were established in the fall of 
2005 and had their first joint planning meeting in Jan-
uary 2006. Portfolio teams have been working across 
research stations to describe the current program, 
identify current capacity and capacity needs, enhance 
cross-station collaboration, identify and support key 
partnerships, and develop recommendations for future 
program direction in the context of the strategic plan. 
Portfolio teams have also worked with the SPA team in 
identifying emerging issues and challenges for wildland 
fire and fuels R&D.

In 2014, R&D Wildland Fire and Fuels program 
managers recognized the need for a more strategic 
approach to planning and implementing the program 
in the face of the emerging needs for new information 
and tools. Building on desired outcomes identified by 
the fire management community, a group of scientists 
and other interested parties updated the Wildland Fire 
and Fuels R&D strategy (http://www.fs.fed.us/research/
pdf/2006-10-20-wildland-book.pdf). This document 
has the vision for the future that science, technology, 
and policy will support management activities to protect 
life, property, infrastructure, and resources from the 
adverse effects of wildland fire; to protect the range of 
other values at risk; and to enhance the positive role fire 
plays in resource management. The previous strategic 
document has been the main guidance of Forest 
Service R&D related to wildland fire and fuels research 
for the past 10 years.

Accomplishments and Outcomes
A substantial investment is made each year in Forest 
Service R&D to advance the knowledge and tools prac-
titioners and managers rely on to establish and maintain 
resilient landscapes, promote fire-adapted communities, 
and safely and effectively respond to wildfires. Under-
standing the effect of this research is different than 
counting publications, presentations, and training ses-
sions, and reporting quantitative performance metrics 
and highlights. Although these absolutes are important, 
it is also important to be able to define how the history 
of Forest Service wildland fire and fuels R&D has trans-
formed the organizations that rely on it. The intention for 
this report is to provide detailed narratives about how 
sequential cumulative knowledge and applications from 
across all the components of the R&D Wildland Fire and 
Fuels program led to five transformational outcomes in 
the way the business of wildland fire is conducted in the 
United States and globally.

http://www.fs.fed.us/research/pdf/2006-10-20-wildland-book.pdf
http://www.fs.fed.us/research/pdf/2006-10-20-wildland-book.pdf
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O U T C O M E

1

Enhanced Physical 
Fire Science

Wildland fire managers and responders are able to predict the occurrence, 
extent, and severity of fires with more precision and accuracy, resulting in 
better decisionmaking, resource allocation, and firefighter and public safety. 
National systems that characterize fire danger and risk are maintained and 
innovated.

Fundamental Wildland Fire Processes
The rate of burning and intensity of wildland fires is strongly influenced by weather, topography, 
and a wide array of fuel characteristics. Developing, improving, and validating operational fire 
behavior models depend on laboratory studies and measurements from fires in controlled 
conditions. A credible, scientific approach requires that detailed experiments be performed in 
a controllable laboratory environment or in a well-defined in situ controlled burn. 

The Forest Service has active laboratory research programs in multiscale, physical pro
cesses that govern fire behavior, including combustion processes, heat and energy transfer 
processes, dynamics in complex fuelbeds and environments, and fire-fuel-atmosphere 
interactions. Forest Service facilities (e.g., burn chambers) at the Missoula Fire Sciences 
Laboratory and the Forest Products Laboratory and partners’ facilities at the National 
Institute of Standards and Technology (NIST) and the Insurance Institute for Business 
and Home Safety (IBHS) allow for safe, highly instrumented burns in laboratory 
conditions. Notable examples of Forest Service R&D laboratory-based experiments 
in fundamental wildland fire processes include measuring combustion in live 
and dead fuels (McAllister 2013, Pickett et al. 2010, Yashwanth et al. 2015); 
quantifying heat transfer to predict injury to trees (Chatziefstratiou et al. 2013); 
discriminating between radiant and convective heat transfer (Cohen and 
Finney 2010, Finney et al. 2015); defining complex fuel characteristics across 
landscapes (McAllister and Finney 2013, Pierce et al. 2009, Prichard et al. 
2013, Rollins 2009, Ryan and Opperman 2013); measuring the ignitability 
and flammability of materials used in building construction (Hasburgh et al. 
2015, White and Sumathipala 2013); and examining the role of seasonal 
live fuel foliar chemistry variations on fuel properties, flammability, and 
expected fire behavior (Jolly et al. 2014, McAllister et al. 2012).

Integrated in situ measurements of actual wildland fires across spatial 
scales are a necessary complement to laboratory experiments when 
moving toward the development of an operational fire behavior 
prediction application. The Prescribed Fire Combustion and 
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Atmospheric Dynamics Research Experiment (RxCAD-
RE; http://www.firelab.org/project/rxcadre-project) is an 
exemplar of these types of measurements and is led by 
Forest Service wildland fire scientists. Funded through 
the Joint Fire Science Program (JFSP), RxCADRE 
targeted critical data needs outlined by members of 
the fire modeling community and involved more than 
90 scientists and technicians. RxCADRE provides a 
high-quality, integrated wildland fire database based 
on surface, tower, and airborne measurements for 
20 experimental fires ranging in scale from 4 to 4,000 
acres. A special issue of the International Journal of 
Wildland Fire was dedicated to RxCADRE in 2016 
(Peterson and Hardy 2016), and follow-on research 
and development will be supported in the future by the 
JFSP through the Fire and Smoke Model Evaluation 
Experiment (FASMEE; http://www.fasmee.net ). Other 
examples of in situ measurements of wildland fire for 
model development, enhancement, and validation 
include measurements of convective and radiant heat 
flux across gradients in the wildland fire environment 
(Butler 2010, Frankman et al. 2012, Kremens and 
Dickenson 2015) and measurements of fire weather 
and wind patterns (Cannon et al. 2014, Heilman et al. 
2015). Much of this work is conducted with the ob-
jectives of building the next generation of fire behavior 
models, which are envisioned to integrate a cohesive, 
physics-based theory of wildland fire spread based on 
laboratory experiments and in situ measurements from 
wildland fires (Finney et al. 2012).

Predicting Wildland Fire 
Behavior
Applications that integrate data characterizing topogra-
phy, vegetation (fuels), and weather across landscapes 
with models that predict fire behavior are important 
tools used for wildland fire management and response. 
These applications are used to (1) predict fire behavior 
and effects, (2) assess wildfire risk and enhance 
situational awareness, and (3) design and compare fuel 
treatment projects and their effectiveness. Operational 
fire behavior applications are under constant improve-
ment by Forest Service R&D and their partners as new 
discoveries are made about the fundamental physics of 
wildland fire. Current models do not accurately reflect 
the complexity of combustion processes, the tempo-
rally and spatially variable biophysical environment in 
which they occur, the complexity of wildland fuels, or 
interactions between fire and the atmosphere. As a 
result, predictions are sometimes incomplete or inaccu-
rate in ways that can negatively affect fire planning and 

response. Recent and ongoing Forest Service research 
on basic understanding of fundamental physical fire 
processes and interactions among fire, topography, 
and weather is focused on development of a next 
generation of innovative predictive tools and deci-
sion-support systems for wildland fire management and 
response. This new capacity is intended to enhance 
situational awareness and safety for firefighters, public 
safety, landscape resilience, and environmental quality.

During the past several decades, the use of mathematical 
models to predict fire behavior has played an important 
supporting role in wildland fire management and response. 
When used in conjunction with personal fire experience, 
these predictions may be applied to a range of fire man
agement activities, including wildfire behavior prediction, 
prescribed fire planning and implementation, and fuels 
assessments. The BehavePlus fire behavior prediction 
and fuel modeling system (Andrews 2014) was among 
the early computer systems developed for wildland fire 
management that integrated the suite of mathematical 
models relevant to wildland fire predictions. BehavePlus 
is in its fifth version and is widely used today. Behave-
Plus includes more than 40 fire models and provides a 
means of modeling fire behavior (such as rate of spread 
and spotting distance), fire effects (such as scorch height 
and tree mortality), and the fire environment (such as 
fuel moisture and wind adjustment factor). Although more 
recent spatially explicit systems include many of the 
base models included in BehavePlus, a need remains 
for point-based predictions for many fire management 
applications, such as prescribed fire planning and predicting 
fine-scale fire behavior during ongoing fires. BehavePlus 
also serves as a valuable learning tool, because an 
understanding of the models included in BehavePlus 
improves interpretation of the results of the spatial 
system in which the specific modeling that occurs at 
each spatial element is less evident (Andrews 2014). 

The spatially explicit modeling of wildland fire across 
landscapes was initially constrained by computing 
limitations, lack of comprehensive geospatial data, 
and required refinements in mathematical models. 
After these constraints were largely removed by the 
late 1990s and early 2000s, spatial implementation 
of fire behavior and effects models was possible was 
and accessible to most land managers. These models 
include FARSITE, FlamMap, and FSPro.

The FARSITE fire area simulator (Finney 2004) models 
fire growth under conditions that vary in both space and 
time. The fire behavior at a point (pixel) depends on the 
fire spreading from adjoining pixels and the conditions 

http://www.firelab.org/project/rxcadre-project
http://www.fasmee.net


Research and Development Wildland Fire and Fuels Accomplishments and Outcomes / 9

at the time it burned. The FlamMap fire mapping and 
analysis system (Finney 2006) calculates fire behavior 
for each point on a landscape with fuel moisture 
and wind constant in time. For the basic FlamMap 
operation, each calculation is independent of its neigh-
bors. FlamMap also includes the ability to calculate 
minimum travel times for fire spread, which is useful in 
determining effective strategic fuel treatment locations 
and restoration activities (Ager et al. 2012). The FSPro 
fire spread probability system developed at the Forest 
Service Missoula Fire Sciences Laboratory performs 
hundreds or thousands of separate fire growth simula-
tions from weather sequences based on forecasts or 
scenarios (Hollingsworth et al 2012). While FARSITE 
predicts a fire perimeter location, FSPro produces 
the probability of the fire reaching each point from the 
known fire perimeter during the specified simulation 
duration (such as 2 weeks).

New applications being developed by Forest Service 
scientists focus on the incorporation of new discoveries 
about the fundamental physics of wildland fire behavior; 
the incorporation of new measurement technologies; 
and three-dimensional measurements that characterize 
the structure, composition, and condition of wildland fu-
els. In 2008, Forest Service R&D leaders in fundamental 
physical fire science developed a strategic framework 
focused on increasing coordination and collaboration in 
fire behavior research and development and on expe-
diting future fundamental fire science activities toward 
a new, comprehensive fire model (Hardy et al. 2008). 
Work at the Pacific Wildland Fire Sciences Laboratory 
includes the enhancement and evaluation of a coupled 
fire-atmosphere model based on the principles of 
computational fluid dynamics called the Wildland-Urban 
Interface Fire Dynamics Simulator (WFDS). WFDS is an 
example of physics-based process models; it represents 
the next-generation, physics-based applications that 
model combustion processes and fire behavior in both 
wildland and mixed urban interface fire environments at 
a variety of spatial and temporal scales (Hoffman et al. 
2015, Mell et al. 2010, Parsons et al. 2011). At the Missoula 
Fire Sciences Laboratory, extensive laboratory-based 
and in situ experiments are underway to characterize 
the fundamental processes that influence flame spread, 
buoyant instabilities in flaming fronts, and convective 
heat transfer (Finney et al. 2015). The intention is that 
development of next-generation fire behavior models 
will decrease uncertainty when wildland fire managers 
and responders are (1) predicting fire behavior and 
effects; (2) assessing wildfire risk and enhancing situ-
ational awareness; and (3) investing in, designing, and 
evaluating fuel treatment projects.

Wildfire Danger, Potential, and 
Risk Assessment
Fire danger rating provides information useful for all 
aspects of fire management, including preventing, sup-
pressing, and managing wildfires. Wildland fire managers 
consider fire danger when making decisions regarding 
personnel levels, contingency resources, prepositioning 
of firefighting equipment, and resource response to 
new fires. Forests may be closed for public recreation 
when fire danger is extreme. Fire suppression funding 
is based in part on the level of fire danger. A constant 
need exists to improve methods for assessing seasonal 
fire danger and developing tools to support specific fire 
management needs. Current research is focused on 
improving fire and fuel moisture models that form the 
basis for fire danger rating, spatial modeling techniques, 
and weather modeling (Freeborn et al. 2015; Holden 
and Jolly 2011; Jolly et al. 2010, 2015). Forest Service 
R&D is also leading the effort to modernize the U.S. 
National Fire Danger Rating System in cooperation with 
the National Wildfire Coordinating Group and interagency 
partners. This effort is the first science-based revision to 
the system in nearly 40 years.

In recent years, Forest Service R&D has integrated 
state-of-the-art fire behavior models with new fuel 
classifications and maps to develop geospatial data 
and decision-support systems that enable wildland fire 
managers and responders to efficiently invest in risk 
mitigation and landscape restoration projects, maintain 
situational awareness and safety during wildfires, and 
work with property owners and communities to under-
stand wildfire risk in their own landscapes. One such 
product is the wildfire hazard potential (WHP) map, a 
geospatial product produced by Forest Service R&D 
that helps to inform evaluations of wildfire risk or prior-
itization of fuels management needs across very large 
landscapes (millions of acres; Dillon et al. 2015). The 
specific purpose for the WHP map is to represent the 
potential for wildfires that would be difficult to suppress. 
The WHP map is developed using spatial estimates 
of wildfire likelihood and intensity generated with the 
Large Fire Simulator (FSim; Hollingsworth and Menakis 
2011) and also spatial fuels and vegetation data from 
LANDFIRE 2010 and point locations of fire occurrence 
from Fire Program Analysis (ca. 1992 to 2012). Areas 
mapped with higher WHP values represent fuels with a 
higher probability of experiencing torching, crowning, 
and other forms of extreme fire behavior under condu-
cive weather conditions (Dillon et al. 2015).

The Wildland Fire Assessment System (WFAS), maintained 
by Forest Service R&D, is an integrated, Web-based 
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resource to support fire management decisions that 
is updated daily with national wildland fire conditions 
and maintained to include the most recent advances in 
fire danger rating (Jolly et al. 2005). It has an extensive 
nationwide user base of Federal, State, tribal, and local 
land managers. The system provides multitemporal 
and multispatial views of fire weather and fire potential, 
including fuel moistures and fire danger classes from 
the U.S. National Fire Danger Rating System, Keetch-
Byram and Palmer drought indices, lower atmospheric 
stability, and satellite-derived vegetation conditions. It 
also provides fire potential forecasts from 24 hours to 
30 days. Point data for many products are provided in 
addition to spatial data for more localized applications. 
WFAS is constantly under revision to refine existing 
products and to increase the utility of more spatial data 
products, such as gridded surface meteorology and 
newly available satellite data. Many of these new prod-
ucts incorporate Internet mapping services to enable 
users to resolve spatial products to a region of interest. 
These revisions also provide higher resolution data for 
regional and local applications with higher spatial and 
temporal resolution. Planned changes will support de-
cisions made at national, regional, and local levels (Jolly 
et al. 2005). WFAS is one of the only systems of its kind 
that integrates widely disparate databases relevant to 
wildland fire managers. It provides multitemporal and 
multispatial assessments of fire weather, fire potential, 
and the condition of live vegetation across broad spatial 
scales. 

Forest Service R&D has developed the Wildland Fire 
Decision Support System (WFDSS; Calkin et al. 2011b, 
Noonan-Wright et al. 2011) to support risk-informed 
decisionmaking for wildland fires in the United States. 

WFDSS integrates national weather data and forecasts, 
fire behavior prediction, economic assessments, smoke 
management assessments, and landscape databases 
to efficiently formulate and apply information to the de-
cisionmaking process. Risk-informed decisionmaking is 
becoming increasingly important as a means of improving 
fire management and offers substantial opportunities 
to benefit natural and community resource protection, 
management response effectiveness, firefighter resource 
use and exposure, and, possibly, suppression costs 
(Noonan-Wright et al. 2011).

During the past 5 years, the Forest Service has made 
great advances in capacity to manage wildfire risk 
according to standards and guides derived from risk 
and decision science. Forest Service R&D has fostered 
a capability to approach wildland fire management 
problems in the context of risk-based decisionmaking 
science and technology. It is clear, however, that, given 
the growing complexities that all organizations (including 
the agency’s Federal partners, State partners, and 
other stakeholders—both public and private) face, that 
much yet needs to be accomplished to develop an 
integrated risk-management framework that serves a 
number of needs and purposes focused on the vision of 
Americans living with wildland fire. This framework must 
be capable of operating across a range of organization 
and stakeholder types, and it cannot be isolated to the 
needs and functions of a single organization. That is, 
the framework must serve to bind together the various 
entities involved in managing risk in today’s complex 
sociopolitical context, in which landscape-scale prob-
lems are distributed across multiple jurisdictions and 
stakeholders.
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O U T C O M E

2

Better Access to Smoke 
and Emissions Tools

Practitioners and regulators have access to information and tools for 
estimating smoke and emissions from wildland fire to support decisions 
about suppression, managed wildfires, and prescribed fire implementation, 
primarily to address firefighter and public health and safety.

Atmospheric Chemistry
Wildland fires are a major source of atmospheric pollutants and greenhouse gases. Fires emit 
four of the six U.S. Environmental Protection Agency (EPA) criteria pollutants (carbon monoxide, 
nitrogen oxide, particulate matter, and sulfur dioxide), and they also emit hydrocarbons and 
oxygenated volatile organic compounds, which are precursors of ozone and secondary 
fine particulate matter. Under current provisions of the Clean Air Act, States must institute 
management programs to reduce pollutant emissions to meet National Ambient Air Quality 
Standards (NAAQS) for ozone and PM2.5 (particles with a diameter smaller than 2.5 micro
meters). The EPA’s Regional Haze Rule mandates States to reduce regional haze, and 
recent NAAQS standards for PM2.5 (the 24-hour standard was reduced from 65 to 35 
micrograms per meter cubed) will increase the demands on the Forest Service and 
other public land management agencies to address the air quality impacts of emis-
sions from wildfires under full suppression, managed wildfires, and prescribed fires. 
On a global scale, fires influence tropospheric chemistry. Biomass burning impacts 
the global climate through the emission of greenhouse gases. Furthermore, smoke 
aerosols from biomass burning can have a significant direct impact on regional 
radiative forcing, which affects long-term weather patterns.

Active research programs across Forest Service R&D are assessing the impact 
of wildland fires on air quality and global environment by developing accurate 
estimates of fire emissions and smoke plume dispersion (Hao and Larkin 
2014, Heilman et al. 2014, Larkin et al. 2014, Urbanski et al. 2011). The ob-
jectives of this interdisciplinary research are to quantify the emissions from 
biomass fires in different ecosystems and to characterize smoke plume 
dynamics and resultant changes to the atmosphere from wildland fires. 
It is important to note here that accurately estimating emissions and 
smoke transport from wildland fires depends on fire behavior models 
and fuel characterization described in other sections of this report. 
To address the need for estimating emissions and smoke transport, 
Forest Service scientists are conducting large-scale ground-based 
and airborne field sampling to quantify emissions from wildland 
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fires across the United States and globally (e.g., 
Evangeliou et al. 2016, McRae et al. 2009, Strand et 
al. 2016). In parallel laboratory combustion chamber 
experiments, scientists study the dependence of trace 
gas and PM2.5 emissions and particle size distributions 
on fuel characteristics and during combustion (e.g., 
smoldering versus flaming). Smoke plume heights and 
dynamics are investigated by theoretical modeling, in 
situ monitoring by using state-of-the-art LiDAR (Light 
Detection and Ranging), and aerial imaging (Kovalev et 
al. 2015, Lee et al. 2010).

One example of this research is the development of an 
automated system for quantifying the emission rates 
of atmospheric pollutants and greenhouse gases from 
wildfires in near-real time with a 1-square-kilometer res-
olution in the contiguous United States. In addition, an 
automated system for retrieving and processing LiDAR 
data has been developed to provide three-dimensional 
distribution and the dynamic processes of smoke 
plumes in real time (Kovalev et al. 2015). Theoretical 
advances in fire plume dynamics have provided better 
prediction of plume characteristics for large fires, and 
LiDAR measurements provide useful data that describe 
the vertical profiles of aerosol particles in smoke plumes. 

Smoke Transport Modeling
Smoke from wildland fires is a significant air quality 
issue impacting human health, the quality of life, and 
the economic well-being of many communities every 
year. NAAQS attempt to regulate and limit the health 
impacts of fine particulates, and the Regional Haze Rule 
addresses visibility in wilderness areas and large nation-
al parks. Although current air quality regulations related 
to smoke from wildland fires emphasize PM2.5 as the 
element of concern, there is growing awareness of the 
importance of wildland fires for atmospheric mercury, 
ozone, methane, and other chemical species. As land 
managers work to decrease the risk of catastrophic 
wildfire and restore ecosystem health, air quality regula-
tions and public health concerns increasingly limit their 
ability to establish and maintain resilient landscapes 
and mitigate wildfire risk through the use of prescribed 
fire. Land managers and air quality regulatory personnel 
need accurate, timely information regarding fire emis-
sions and how the impacts of smoke can be predicted, 
planned for, and managed.

Smoke transport and dispersion depend on the 
three-dimensional structure of the atmosphere, terrain, 
and fire intensity. Forest Service scientists use a combi-
nation of theory, physical and statistical models, satellite 

data, and field measurements to learn how smoke from 
wildfires spreads across the land and vertically through 
the atmosphere (Cunningham and Goodrick 2013, Go-
odrick et al. 2012). To forecast smoke transport from 
wildland fires, scientists use models that calculate fire 
emissions, plume characteristics, atmospheric smoke 
dispersion, and trajectories. Each model has different 
strengths and weaknesses. For example, a number of 
atmospheric dispersion models are currently available, 
each originally designed to meet needs other than 
wildland fire. These models must be carefully evaluated 
and tested to ensure they are valid when applied for 
smoke transport and at appropriate scales. Different 
user needs also require different modeling approaches. 
The BlueSky smoke modeling system (Larkin et al. 
2009), for example, is aimed at the needs of the smoke 
management community, but the Weather Research 
and Forecasting and Chemistry (WRF-Chem) and 
Congestion Mitigation and Air Quality Improvement 
(CMAQ) smoke forecasting models are targeted at 
addressing specific questions related more broadly to 
air quality (Achtemeier et al. 2011, Lei et al. 2010). Re-
sults of Forest Service research have also affected the 
broader smoke management and regulatory community 
through collaborations with other Federal, State, and 
tribal agencies and internationally. Direct comparisons 
among similar models are possible, and evaluation of 
the choice of these models on the accuracy of smoke 
predictions can help identify knowledge gaps. The re-
sult is faster, more directed improvement of underlying 
science. The ongoing FASMEE project (http://www.
fasmee.net), an effort led by the Forest Service in coop-
eration with the U.S. Department of the Interior, EPA, 
the National Oceanic and Atmospheric Administration, 
the National Aeronautics and Space Administration, 
and the U.S. Department of Defense, will provide 
advanced measurements necessary to evaluate and 
advance operationally used fire and smoke modeling 
systems and their underlying scientific models. The 
field campaign will be conducted on large operational 
prescribed fires targeting heavy fuel loads and burned 
to produce high-intensity fires with developed plumes in 
the Southeastern and Western United States.

Daily real-time smoke predictions are available nationally 
through the BlueSky smoke prediction system (http://
www.airfire/topics/smoke; Larkin et al. 2009). Users 
can see the smoke impacts of both wildfire and pre
scribed fires. The National Weather Service’s Smoke 
Forecast Product uses fire emissions generated by 
BlueSky, as does the Canadian BlueSky system. Smoke 
transport models are integrated into the Wildland Fire 

http://www.fasmee.net
http://www.fasmee.net
http://www.airfire/topics/smoke
http://www.airfire/topics/smoke
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Decision Support System wildfire risk assessment 
platform (Larkin et al. 2010), and a new approach relies 
on information from social media to estimate smoke 
transport from wildfires (Sachdeva et al. 2016). 

The importance of accurate estimates of smoke and 
emissions must not be underemphasized because they 
may have acute and chronic effects on firefighter and 
public health (Adetona et al. 2014, McCaffrey and Olsen 
2012, Preisler et al. 2015). To assist in operational smoke 
and air-quality estimates from individual wildfires, Forest 
Service R&D has collaborated with Fire and Aviation 
Management to create a new Air Resource Advisor 
position in the incident command structure. 

Smoke and air-quality information has an important role 
in wildland fire decisionmaking that is reinforced in the 

2009 Guidance for Implementation of Federal Wildland 
Fire Management Policy. A key intent of the guidance 
is to allow for consideration and use of the full range of 
strategic and tactical options that are available in the 
response to every wildland fire. This guidance directs 
that wildland fire responses will be developed through 
evaluations of situational assessment and analysis 
of hazards and risk. It also defines implementation 
actions and directs documentation of decisions and 
rationale. Smoke and air quality are now among the 
top issues in decisionmaking, both on wildfires under 
full suppression, managed wildfires, and prescribed 
fires (Larkin et al. 2010). During the past several years, 
the Joint Fire Science Program has had an active line 
of work investigating smoke and emissions (see http://
www.firescience.gov for more information).

http://www.firescience.gov
http://www.firescience.gov
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O U T C O M E

3

Advanced Wildland Fuels 
Management

Wildland fuels are characterized using consistent and comprehensive 
science and technology to meet diverse objectives and ensure effective 
investment strategies to restore resilient landscapes, mitigate wildfire risk, 
and deliver benefits to the public.

Characterizing Wildland Fuels
Characterizations of wildland fuels are required as inputs into wildland fire management applica-
tions that predict fire behavior, estimate smoke transport and emissions, evaluate the effects 
of fire at multiple scales, and quantify wildfire risk. Wildland fuelbeds are complex, consisting 
of diverse components that are composed of particles of many sizes, types, densities, and 
shapes distributed horizontally and vertically through vegetation communities (Keane 2015). 
Further, these characteristics are highly variable across spatial and temporal scales (Keane 
et al. 2012). This extreme level of complexity has required novel and diverse approaches 
to accurately measure, describe, classify, and eventually map wildland fuels, and this 
complexity has resulted in simplified, generalized descriptions of wildland fuelbeds 
for inputs in many wildland fire management applications (for example, see the fire 
behavior fuel models of Anderson (1982); the revised fire behavior fuel models of Scott 
and Burgan (2005); and the fuel loading models of Lutes et al. (2009). Worldwide, 
Forest Service scientists work together to address the challenges of quantifying 
wildland fuels by evaluating and implementing novel approaches for developing 
and improving fuel characterization systems and by researching innovative ways 
to characterize wildland fuels for input to the next generation of wildland fire 
management applications (Keane 2013, Parsons 2006). The overall objective 
has been to develop user-inspired systems that reduce uncertainties in the 
estimates of critical wildland fire issues, such as extreme fire behavior, the 
effects of wildland fires on landscapes, characterization of carbon stocks, 
and mitigation of wildfire risk to resources and human communities.

Fuel composition, structure, and condition often constrain opportunities 
for mitigating risk through hazardous fuel reduction and fire suppression. 
Fuel classifications and maps have provided essentially two-dimensional 
or single-layer fuel characteristics, but we now know that wildland fuel 
properties vary widely in their three-dimensional structure across 
multiple spatial scales, which influences wildland fire behavior, smoke 
and emissions, and effects on landscapes (Keane et al. 2012, Parsons 
et al. 2010). Traditional fuel classifications do not adequately 
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represent the diversity in the structure of wildland 
fuels, and they contain insufficient information for 
precise estimates of emissions and implementing fuel 
management and landscape restoration activities (for 
example, Andersen 1982, Scott and Burgan 2005). One 
approach developed by Forest Service R&D, the Fuel 
Characteristic Classification System (FCCS), enables 
land managers, regulators, and scientists to efficiently 
create and catalog fuelbeds and classify them according 
to potential fire behavior (rate of spread, flame length, 
reaction intensity, and potential effects) and relative fire 
hazard (McKenzie et al. 2012, Prichard et al. 2013). 
FCCS was designed to enable users to choose among 
fuelbeds from a comprehensive library or create their 
own custom fuelbeds. In addition to building fuelbeds, 
FCCS calculates (1) potential indices of surface fire 
behavior, crown fire, and available fuel on a scale from 
0 to 9 for each fuelbed; (2) rate of spread, flame length, 
and reaction intensity under benchmark and user-spec-
ified environmental conditions by using a reformulated 
Rothermel (1972) surface fire behavior model; and (3) a 
suggested fire behavior fuel model for input into existing 
fire behavior models (Andersen 1982, Scott and Burgan 
2005). Another fuel classification system, Fuel Loading 
Models (FLMs), developed by Forest Service R&D for 
mapping, uses measurements of surface fuel loadings 
to discriminate between classification categories across 
a landscape or project area to specifically simulate 
emissions and maximum soil temperatures with the 
least uncertainty (Lutes et al. 2009). Both FCCS and 
FLMs can be mapped across large regions because 
they are correlated to other mapped biophysical attributes 
such as existing vegetation composition and structure, 
precipitation, and other landscape attributes, such as 
net primary productivity (Rollins 2009, Ryan and Op-
perman 2013). Heterogeneity in fuel composition and 
structure, however, occur at finer spatial scales than 
current, comprehensive regional-to-national mapping 
technologies (Keane et al. 2015).

Extreme fire behavior spreading through forest canopies 
(i.e., crown fires) is a chief concern among many wildland 
fire managers in the United States because it has 
increased in frequency, intensity, and size in many 
areas, specifically in the Western United States. Com-
pared with surface fires, crown fires are responsible for 
dramatic increases in smoke and emissions, greater 
and longer lasting ecological damage (e.g., higher plant 
mortality, increased soil mineralization, and adverse 
changes to water quality and supply), greater risk to fire
fighters and the public, and increased risk of property 
and infrastructure loss. Forest Service R&D uses four 
canopy characteristics that govern the transition of sur-
face fires to crown fires: (1) canopy base height (height 

of the bottom of the live canopy from the ground surface), 
(2) canopy bulk density (mass per unit volume of com-
bustible crown biomass, including foliage, twigs, and 
fine branches), (3) canopy height (average height of the 
dominant tree strata in a stand), and (4) canopy closure 
(percent vertically projected canopy cover in the stand). 
A number of wildland fire management applications 
require estimates of these canopy fuel characteristics to 
accurately simulate crown fires (Finney 2004, Reinhardt 
et al. 2006b). Forest Service scientists and partners 
have worked to develop comprehensive descriptions, 
measurement techniques, and maps of canopy fuel 
characteristics for wildland fire management, resulting 
in more accurate estimates of crown fuels across the 
United States (Contreras et al. 2012, Ex et al. 2015, 
Kramer et al. 2014, Reeves et al. 2009, Ryan and 
Opperman 2013, Werth et al. 2016).

The LANDFIRE Program (http://www.landfire.gov), led 
by scientists from the Forest Service, U.S. Geological 
Survey (USGS), and The Nature Conservancy, is a 
multistakeholder project (including States, tribal govern
ments, and nongovernmental organizations) that 
develops consistent and comprehensive maps and 
data describing vegetation, wildland fuel, fire regimes, 
and ecological departure from historical conditions 
for fire management across the United States (Rollins 
2009, Ryan and Opperman 2013). It is a shared project 
between wildland fire management and research and 
development programs of the Forest Service and the 
U.S. Department of the Interior (DOI). LANDFIRE meets 
wildland fire management and response needs for com-
prehensive, integrated data to support landscape-level 
fire management planning and prioritization, wildfire 
response activities, community and firefighter safety, 
effective resource allocation, and collaboration between 
agencies and the public. LANDFIRE data products are 
created as 30-meter raster grids and are available at 
http://www.landfire.gov. LANDFIRE data products are 
updated every 2 years and have been institutionalized 
as the primary data source for modeling activities aimed 
at meeting the goals of the United States’ National 
Cohesive Wildland Fire Management Strategy, wildland 
fire decision support, and wildland fire risk assess-
ments. Moreover, LANDFIRE products have been cited 
more than 2,100 times in the peer-reviewed literature, 
validating its extensive use in a wide variety of research 
and management projects.

Improving Characterization of 
Wildland Fuels
Creating comprehensive and consistent fuel description 
systems requires a full understanding of the ecology 

http://www.landfire.gov
http://www.landfire.gov
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of wildland fuels. Forest Service scientists investigate 
processes that control fuel dynamics, such as biomass 
production, deposition, decomposition, and accumula-
tion to understand how fuel characteristics change over 
time and space (Jolly et al. 2012b, Keane 2013, Keane 
2015). Science and technology that quantify the chem-
istry and morphology of fuel elements throughout the 
vegetation profile are required to completely describe, 
classify, and map wildland fuels for current and future 
uses (Parsons et al. 2010). Spatial distributions of differ-
ent fuel components and properties must be described 
so that the appropriate sampling methods can be used 
or developed to estimate needed fuel properties with 
minimal bias (Keane et al. 2012), and the appropriate 
mapping techniques and technologies have to be 
designed to match the scales of fuel variation (Keane 
et al. 2013). While the next generation of fire behavior 
and effects simulation models is being developed, it is 
critical that new fuel classification systems be built to 
balance ecological understanding of fuel dynamics with 
the new input model requirements. These requirements 
will allow for the input of information that reflects 
dynamic quality and spatial variation of fuel properties 
that account for current and future fire behavior inputs 
such as kinetics, morphology, and spatial distribution 
(Parsons et al. 2010). Fuel description systems for 
these three-dimensional fire models will be completely 
different from current fuel models, because they must 
contain information on diverse chemical and physical 
fuel characteristics such as bulk density, surface-ar-
ea-to-volume ratio, moisture content, lignin fraction over 
multiple spatial (e.g., clumpiness, pattern, variability) 
and time scales (e.g., changes in particle density due 
to decomposition) for various fuel characterizations 
(i.e., shape, size, volume). Each of these characteristics 
must have an associated sampling method for accurate 
quantification, and these methods must account for the 
wide diversity of fuel particles comprising the fuelbed 
(Keane et al. 2013, Riccardi et al. 2007). 

Innovative sampling techniques must balance the 
spatial resolution needed by fire models with accuracy 
needed by other fuel applications, such as estimating 
smoke emissions, carbon inventories, and smoldering 
combustion, for both research and management. 
Development of new comprehensive fuel classifications 
will need high-quality data across large geographical 
areas, diverse ecosystems, and complex fuelbeds 
(Lutes et al. 2009). New inventory techniques developed 
from basic wildland fuel ecological research can be 
integrated for this effort, along with the information 
needed to convert legacy fuels data to newer formats. 
Geo-referenced fuels inventory data are important not 
only for classification development but also for map 

creation and validation; simulation model initialization 
and parameterization; and fuel treatment planning, 
implementation, and monitoring (Keane 2015, Reeves 
et al. 2009). 

The Forest Service R&D’s Forest Inventory and Analysis 
program is now collecting critical fuel information in many 
parts of the United States, which represents a significant 
step forward in developing comprehensive fuel datasets 
for future fire management applications (Wang et al. 2013). 
To provide wildland fire management fuel description 
systems for the next generation of fire applications, any 
new system should look to future science and tech
nology. It will be more efficient and effective to design 
new and innovative fuel-characterization systems in 
concert with the scientists developing the next-generation 
fire-modeling applications than to continue modifying 
existing fuel-classification systems as new fire science 
technologies are developed (Keane 2015, Keane et al. 
2013). 

Fuel Treatment Effectiveness
The effectiveness of active fire management to manipu-
late wildland fuels for a variety of objectives has been a 
key focus area for Forest Service R&D for many years. 
Common fuel management objectives include—

•	 Reducing the risk of undesired and potentially 
dangerous wildfire behavior.

•	 Providing strategic opportunities for wildfire sup-
pression and management.

•	 Reducing wildfire risks to firefighters, communities, 
and residents of the United States. 

•	 Restoring and maintaining resilient and productive 
landscapes and ecosystems.

•	 Reducing damage that occurs after wildfires.

•	 Limiting the spread of invasive species and detri-
mental pathogens.

Meeting the Forest Service’s goals for sustaining resilient 
landscapes, mitigating wildfire risk, and delivering ben
efits to the public (USDA Forest Service 2015a) where 
wildfires have been an important historical ecosystem 
process demands integrated planning and active 
management based on sound, user-inspired ecological, 
physical, and social science and its resultant technolo-
gies. Knowledge and applications developed by Forest 
Service scientists and partners across the portfolios 
of the Forest Service Fire and Fuels R&D program 
(USDA Forest Service 2006) provide the foundation for 
integrated approaches to planning active management 
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of wildland fuels. Years of Forest Service R&D have 
become implicit in wildland fire management activities 
focused on incorporating information on contemporary 
and future environmental and land use changes to the 
composition, structure, and function of landscapes 
and the socioeconomic context when planning fuel 
treatments (Reynolds et al. 2013, Smith 2012). To 
continue to innovate, Forest Service R&D scientists 
and partners focus on evaluating the effectiveness and 
tradeoffs between different fuel treatment approaches, 
and they actively measure, model, and monitor the 
interacting effects of changing baseline conditions, 
natural disturbances, land use, and the socioeconomic 
environment at multiple scales across the United States 
(Zimmerman et al. 2014).

Forest Service scientists investigating active manage-
ment that alters wildland fuels have measured and 
modeled the effectiveness of mechanical treatments, 
prescribed fire, and managed wildfires for restoring and 
maintaining healthy, resilient, fire-adapted landscapes 
and human communities while also evaluating the 
changing characteristics of fire regimes and climate 
over medium to long periods of time (Keane 2015). In 
addition, scientists with Forest Service R&D have made 
great strides in improving ways to improve the efficiency 
of biomass harvested for fuel reduction by developing 
new uses and better technologies for processing 
small-diameter biomass with the objective of increasing 
the economic incentives for active restoration and risk mit-
igation for communities in the wildland-urban interface 
(WUI; Livingston 2008, Morrow et al. 2013, Winandy 
et al. 2006, Zhu et al. 2016). Providing a foundation for 
ecologically sound, effective, and efficient management 
practices has required that scientists evaluate tradeoffs 
of alternative treatments on fire behavior and charac-
teristics, fire effects, long-term landscape resilience and 
productivity, and delivery of benefits to the residents of 
the United States.

The costs of suppressing wildfires have dramatically 
increased in the past decade (USDA Forest Service 
2015b), as have the size and complexity of wildfires 
(Calkin et al. 2015; Champ et al. 2013; Noonan-Wright 
and Opperman 2015; Ager et al. 2016). Much of the 
billions of dollars spent suppressing fires is spent in the 
WUI, where increasing rates of development into wild-
lands expose more homes and structures to abnormally 
intense wildfires (USDA and DOI 2014). The Forest 
Service has sought to reduce the rapidly rising costs of 
fighting wildfires by thinning forests and removing fuel in 
the WUI before a wildfire occurs. These fuel treatments 
have amounted to millions of acres treated at a cost of 
hundreds of millions of dollars during the past decade, 

but is this proactive approach having an effect? Research 
by Forest Service R&D scientists indicate that the answer 
is a qualified yes, as long as adaptive management and 
combinations of mechanical and prescribed fire are 
implemented over time. It is important to note, however, 
that treatments must focus on functional restoration 
of ecosystems across broad landscapes, otherwise 
treatment programs are likely to fail at meeting their 
objectives. It is impossible to catalog the hundreds of 
Forest Service publications on science and technology 
related to fuel treatment effectiveness here, but, for 
examples, see Ager et al. (2016), Charnley et al. (2015), 
Cochrane et al. (2012), Harrington (2008), Hood et al. 
(2015), Hudak et al. (2011), Miller et al. (2012), North 
et al. (2012), Parks et al. (2014, 2016), Pritchard et al. 
(2010), Schwilk et al. (2009), Thompson et al. (2013), 
and Vaillant et al. (2015).

Perhaps the broadest and most comprehensive study 
of fuel treatment effectiveness was the National Fire 
and Fire Surrogates Study (NFFS) supported by Forest 
Service R&D and the Joint Fire Science Program and 
led by scientists from Forest Service R&D, USGS, 
and numerous university partners (McIver et al. 2012, 
Schwilk et al. 2009). The 12-site NFFS was a multivari-
ate experiment that evaluated landscape and ecological 
consequences of alternative fuel management treat-
ments in seasonally dry forests of the United States. 
Each site was a replicated experiment with a common 
design that compared an unmanipulated control, a 
prescribed fire, a mechanical fire treatment, and a 
mechanical plus fire treatment. Variables within the veg-
etation, fuelbed, forest floor and soil, common insects, 
tree diseases, and wildlife were measured in 25-acre 
units, and ecological response was compared among 
treatments at the sites and across sites to better un-
derstand the influence of differential site conditions. For 
most sites, treated stands were predicted to be more 
resilient to wildfire if it occurred shortly after treatment, 
but, for most ecological variables, short-term response 
to treatments was subtle and transient. Most ecological 
factors were strongly site specific, suggesting that 
wildland fuel managers employ adaptive management 
at multiple scales. Mechanical treatments did not serve 
as surrogates for fire for most ecological factors, sug-
gesting that wildland fire must be maintained whenever 
possible. Restoring and maintaining resilient landscapes 
will require repeated treatments over time, with eastern 
forests requiring more frequent applications (McIver et 
al. 2012, Schwilk et al. 2009). During the past several 
years, the Joint Fire Science Program has had an active 
line of work investigating fuel treatment effectiveness 
(see http://www.firescience.gov for more information).

http://www.firescience.gov
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Fuels Treatment Decision 
Support 
Land management organizations need consistent, 
science-based processes for analyzing where and 
when to place fuels treatments on a landscape while taking 
into consideration multiple resource and management 
objectives, and for measuring the effectiveness of those 
treatments in reducing undesired fire behavior and 
meeting the other fuel management objectives listed 
previously. Peterson et al. (2007) cataloged the myriad 
fire management models and applications available 
for decision support. To address the numerous and 
potentially overwhelming number of applications for 
fuels treatment decision support, the Joint Fire Science 
Program, DOI, and Forest Service R&D developed 
the Interagency Fuels Treatment Decision Support 
System (IFTDSS; https://iftdss.firenet.gov; JFSP 2009). 
Maintained by Forest Service R&D’s Wildland Fire 
Management Research and Development Program, 
IFTDSS organizes wildland fuels planning data and 
applications into a seamless user environment. IFTDSS 
offers users access to powerful modeling software from 
within a well-designed, intuitive graphical user interface, 
and it provides a common platform for the further 
development of fuels-planning software tools. IFTDSS 
has revolutionized the way fuels planners do their jobs, 
because it simplifies the fuels treatment decision pro-
cess by minimizing planners’ struggles with unfamiliar 
models and databases that can be difficult to access 
and manipulate. IFTDSS has also made fuels treatment 
decisionmaking less time consuming, more scientifically 
rigorous, and easier to explain to stakeholders (JFSP 
2009). 

The Landscape Treatment Designer (LTD; http://www.
fs.fed.us/wwetac/ltd; Ager et al. 2012) and ArcFuels 
(http://www.fs.fed.us/wwetac/arcfuels; Vaillant et al. 
2013; Vaillant and Ager 2014) represent additional 
approaches to integrating applications to simplify 
strategic placement of fuels treatments and conducting 
risk assessments. The LTD spatially prioritizes and 
optimizes landscape-level treatments by developing 
scenarios for planning based on numerous landscape 
criteria. These scenarios enable fuel managers to explore 
geographically relevant landscape fuels treatment 
scenarios. The LTD uses inputs on spatial treatment 

objectives, activity constraints, and treatment thresholds, 
and then it identifies optimal fuels treatment locations 
with respect to the input parameters. The input data 
represent polygons that are attributed with information 
about expected fire behavior and the polygon’s overall 
contribution to one or more landscape management 
objectives. The program can be used in a number of 
different ways to explore treatment priority and decision 
rules that manifest themselves on large (1 million hectares) 
landscapes as spatially explicit treatment strategies 
(Ager et al. 2012). 

ArcFuels is a library of macros within the ArcMap GIS 
software. It links (1) key wildfire behavior models, (2) fuels 
and vegetation data, (3) Microsoft Office software, and 
(4) ArcGIS (http://www.esri.com). It is used in fuels 
treatment planning and wildfire risk analyses to stream-
line wildfire threat and mitigation assessments. The 
ArcMap framework helps specialists leverage local data 
and existing fire models to address project-specific is-
sues that typify many fuels treatment projects. ArcFuels 
adds a spatial context to the Fire and Fuels Extension 
of the Forest Vegetation Simulator (FFE-FVS; Crookston 
and Dixon 2005, Reinhardt 2005) and facilitates its 
application for both stand and landscape modeling of 
fuels treatments, including estimating carbon budgets 
(Crookston et al. 2010, Vaillant and Ager 2014). The 
structure of ArcFuels provides users with a logical flow 
from stand-to-landscape analyses of vegetation, fuel, 
and fire behavior using a number of existing wildland fire 
behavior and effects models (Ager et al. 2012; Vaillant 
and Ager 2014).

Several other applications have found great use in fire 
management (Keane et al. 2015). The revision of two 
commonly used fuel applications—CONSUME (Ottmar 
et al. 1993), FOFEM (Reinhardt and Keane 1998), and 
FuelCalc (Reinhardt et al. 2006a)—has integrated all the 
fuel classifications (e.g., FCCS, FLM) into fire-effects 
prediction systems for fire planning (http://www.firelab.
org). FOFEM version 6.0 and CONSUME now have 
revised fuel inputs to calculate first-order fire-effects, 
while FuelCalc version 1.0 now has the ability to imple-
ment silvicultural cuttings (e.g., thinning, pruning) and 
prescribed burning to change the surface and canopy 
fuel characteristics to reduce wildfire risk.

https://iftdss.firenet.gov
http://www.fs.fed.us/wwetac/ltd
http://www.fs.fed.us/wwetac/ltd
http://www.fs.fed.us/wwetac/arcfuels
http://www.esri.com
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O U T C O M E

4

Improved Social and 
Economic Context for 
Wildland Fire Management 
and Response

The public is aware of the costs and benefits of wildland fire management 
and response, and socioeconomic research and development are foundations 
for large landscape collaboration, organizational performance and effective-
ness, and firefighter and public safety. Fire management organizations have 
access to information and tools to improve performance through learning 
and innovative leadership.

The growing number of people living in areas with high wildfire risk is an important factor 
contributing to the complexity of wildland fire management and response in the United 
States. Active involvement of the public in planning is essential to mitigating negative 
effects of wildfire (e.g., loss of property and infrastructure) while continuing to deliver 
public benefits by providing clean water, establishing and maintaining resilient human 
communities, and creating healthier and more resilient landscapes that provide the 
natural resources and ecosystems on which the public depends (McCaffrey 2015, 
USDA Forest Service 2015a). Federal, State, tribal, and local fire and land man
agement organizations interact in a complex manner with communities to manage 
wildfires in an effort to reduce potential losses and increase potential benefits, devel-
op and implement safe and effective responses to wildfires, and manage wildland 
fuels in and adjacent to those communities (i.e., the wildland-urban interface 
[WUI]). All these activities require balancing a wide range of monetary and 
nonmonetary considerations when assessing tradeoffs of different actions 
that cross multiple landscapes and jurisdictions. 

Social fire science historically has been overshadowed by physical and 
ecological wildland fire science. Since 2001, however, the Forest Service 
R&D Wildland Fire and Fuels program has placed increasing emphasis 
on research that will (1) lead to a broader understanding of the 
interactions between wildland fire and fuels management and society, 
(2) increase understanding of the costs and benefits (monetary and 
nonmonetary) of wildland fire, (3) enable co-managing wildfire risk 
across ownerships and jurisdictional boundaries, and (4) inform 
efforts to improve firefighter and public safety and health and 
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achieve effective and efficient land management goals 
related to fire and fuels management. The past several 
years of Forest Service R&D social science have focused 
on collaboration among and between communities 
(Brummel et al. 2010, Charney et al 2014, Cooke et 
al. 2016), building public trust (Steelman et al. 2015, 
Winter et al. 2016), delivering benefits to the American 
people (Hermansen-Baez et al. 2011, McCaffrey and 
Olsen 2012, Campbell et al, 2016), and decisionmaking 
practices to increase safety during wildland fires (Calkin 
et al. 2011a). In addition, much of this research has 
focused inward, within fire management organizations, 
to increase effectiveness and efficiency (Calkin et al. 
2011a, 2015). Overall, the vision remains to work with 
all stakeholders to safely and effectively extinguish fire, 
when needed; to use fire, where allowable; to manage 
our natural resources; and, as a Nation, to live with 
wildland fire (USDA and DOI 2014).

Public Trust and Public 
Perceptions
Studies to better understand what shapes public views 
and acceptance of different wildland fire and fuels man
agement efforts have used a variety of methods and been 
applied in diverse landscapes and community types 
across the United States and also in Australia, Canada, 
and New Zealand (Chavez et al. 2008, McCaffrey 2015, 
McCaffrey and Olsen 2012).

This research has demonstrated that wildland fire and 
fuels management is a concern to individuals throughout 
the United States. The vast majority of populations 
studied (residents, landowners, and recreationists) 
perceive and support thinning and prescribed burning 
as management tools to mitigate fire risk and deliver 
benefits to the public through resilient landscapes 
(McCaffrey 2015). Forest Service R&D has found a 
relationship between knowledge and familiarity with 
a management activity and increased support for the 
practice. For example, knowledge about the ecological 
benefits of a practice is associated with increased sup-
port, particularly for more controversial aspects such as 
smoke from prescribed fire. Trust and confidence in the 
implementing agency are also key factors that influence 
support (Absher and Vaskey 2011, Liljeblad et al. 2010, 
McCaffrey and Olsen 2012, Paveglio et al. 2015). Com-
munication, particularly when it is interactive, that pro-
vides clarification of how agency actions reduce fire risk 
and improve ecosystem health and that also addresses 
actions that seem inconsistent with shared values has 
been shown to be essential to maintaining trust and 

building support (Butry et al. 2010, Hermansen-Baez et 
al. 2011, McCaffrey 2015, McCaffrey and Olsen 2012, 
Sturtevant and Jakes 2008, Sturtevant et al. 2013). 

Findings also show that most residents in the WUI 
recognize the risk of fire (McCaffrey and Olsen 2012); 
however, although it is necessary for homeowners to 
recognize the fire risk to become active in mitigating 
their fire risk, it is not a sufficient condition. Risk perception 
is a complex process that is shaped by individual differ
ences in various factors, including risk tolerance and 
perceived values at risk. The perceived effectiveness of 
the risk-reduction action, confidence in one’s ability to 
perform the action, and perceived responsibility for fire 
response also influence readiness to take protective 
actions (Chavez et al. 2008, Cooke et al. 2016, Koch 
et al. 2016, McCaffrey 2008, McCaffrey et al. 2011, 
O’Callaghan et al. 2013). Social vulnerability also has 
been found to potentially affect the abilities of individuals 
and communities to withstand adverse impacts from 
exposure to multiple stressors and that individuals or 
communities on the margins of society are generally 
less able to mitigate wildland fire risk or to recover from 
wildfires (Johnson et al. 2011; Murphy et al. 2015). It is 
interesting that no consistent evidence has been found 
to show that any specific demographic portion of the 
population—whether an urban or rural resident, a new 
or long-term homeowner, a permanent or seasonal 
resident, or a new or experienced forest visitor—is 
more or less likely to understand fire risk or to support a 
fuels management activity (McCaffrey 2015, McCaffrey 
and Olsen 2012, Tomen et al. 2014, Winter et al. 2014). 
Recently, USDA Forest Service R&D and partners 
developed a national map of WUI based on biophysical 
and census data designed to inform both national policy 
and local land management concerning the WUI. (See: 
https://www.nrs.fs.fed.us/data/wui; Martinuzzi et al. 2015). 

Collaboration and Planning
Collaboration can play a key role in building confidence 
and having stakeholders arrive at mutually acceptable 
wildfire risk mitigation planning (Brummel et al. 2010, 
Butler et al. 2015, Charnley et al. 2014, Cooke et al. 
2016, Sturtevant and Jakes 2008). 

Research evaluating the benefits of Community Wildfire 
Protection Plans (CWPPs) has shown that, although a 
tremendous amount of diversity exists in wildfire planning 
processes, this variability allows for more effective con
sideration of local ecological and social context (Brum-
mel et al. 2010, Jakes et al. 2011). Defined in the 2003 
Healthy Forests Restoration Act, a CWPP is a tool for 

file:///C:\Users\tjhaan\Documents\tjhaan\Tara\Fire Review\2013 Fire Review Materials\Compilation of Data for 2013 Fire Review\Highlights\references\mccaffrey_2006.pdf
https://www.nrs.fs.fed.us/data/wui
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bringing local, community-level solutions to wildland fire 
management (see https://www.forestsandrangelands.
gov/communities for more information); in some cases, 
the efforts build on existing support for fire planning 
and, in others, the CWPP process itself builds support 
for fire planning (Jakes et al. 2011). This research has 
helped identify three best management practices (BMPs): 
(1) pay attention to problem framing, (2) choose a spatial 
scale in which participants can make things happen, 
and (3) take steps to facilitate implementation and ensure 
long-term success. These BMPs were found to hold 
true despite considerable diversity across cases (Williams 
et al. 2012). 

Effectively mitigating wildfire risk across landscapes and 
regions is contingent on evaluation of both biophysical 
factors that influence risk transmission (e.g., wildfire 
spread) and social factors that influence landowners’ 
and communities’ mitigation efforts and potential losses 
and benefits from wildland fire. Biophysical and social 
processes, however, often are disconnected in mitigation 
planning because they work at different temporal and 
spatial scales. Research by Forest Service R&D has 
begun to show how biophysical and social data may be 
combined to develop wildfire risk mitigation strategies 
that leverage comparative advantages on the landscape, 
highlighting where to invest in risk mitigation and 
where to target education and incentive efforts toward 
persuading particular landowners toward greater risk 
mitigation efforts (Ager et al. 2015, Calkin et al. 2011a, 
Thompson et al. 2015, Thompson et al. 2016). Areas 
where coincidence of high wildfire risk transmission 
with low mitigation potential by landowners represent 
landscapes and communities where lawmakers, poli-
cymakers, and wildland fire managers might consider 
targeting policy interventions, such as education and 
technical assistance, to support greater mitigation effort 
among private landowners or incentives to support 
wildfire risk-mitigation efforts by communities that lack 
capacity to mitigate wildfire risk. 

Values at Risk: Promoting 
Fire-Adapted Communities
The increasing number of homes and rates of development 
in the WUI and associated effects on lives and property 
from wildfire, escalating costs of wildfire suppression, 
and changing baseline factors that have increased 
undesired wildfire have led to an urgent need for com-
munities to become “adapted” to wildland fire (Murphy 
et al. 2016, Stein et al. 2013). During the past decade, 
a number of programs and initiatives in addition to 
the CWPP approach have been implemented to help 
communities prepare for wildfires and mitigate wildfire 

risk. At a national level, these programs and initiatives 
include the multiagency FIREWISE program run by 
the National Fire Protection Association (http://www.
firewise.org) that is focused on homeowner mitigation; 
Ready, Set, Go!, which is administered by the Inter
national Association of Fire Chiefs and is targeted at 
increasing local fire department community engage-
ment (http://iafc.org/); the Fire Adapted Communities 
Learning Network supported by the Forest Service 
and The Nature Conservancy and administered by 
The Watershed Research and Training Center (http://
fireadaptednetwork.org); and numerous resources 
and certification courses available from the U.S. Fire 
Administration. Each program relies on a foundation 
comprised largely of social science and technology 
supported and delivered by Forest Service R&D as 
described in the previous sections.

Forest Service R&D research has shown that a range of 
outreach programs is beneficial, because no single pro-
gram will be appropriate for every context (McCaffrey et al. 
2011, McCaffrey 2015); however, not all communities 
may have access to such programs. Work examining 
the spatial relationship between highly fire-prone areas 
that ranked high in social vulnerability variables (“hot 
spots”) showed a relative lack of wildfire risk-mitigation 
programs in census block groups with hot spot 
classifications across the Southeastern United States 
and suggested that poorer communities may be at a 
greater disadvantage than more affluent, high-fire-risk 
communities in these States. (Johnson et al. 2011). 

To help homeowners and communities with mitigation 
decisions, Forest Service scientists at the Forest Products 
Laboratory have created an application to aid in home
building and community development planning that 
facilitates decisions concerning building materials, 
structural arrangements, and landscaping that mitigate 
wildfire risk. This application provides a visualization 
of why and how local wildfire risk mitigation can be 
achieved, even if certain building and landscape objects 
are ignited due to exposure to severe wildfire, and 
enables examination of lower costs and better aesthetics 
at the individual home and at the community level 
(Dietenberger 2010).

Results from this research by Forest Service R&D 
scientists and partners are being used by land and fire 
managers to develop projects and programs that can 
more effectively take into account public views and 
encourage proactive public participation in wildland 
fire and fuels management efforts. The research is also 
being used to help homeowners determine how best to 
mitigate their fire risk.

https://www.forestsandrangelands.gov/communities/cwpp.shtml
https://www.forestsandrangelands.gov/communities/cwpp.shtml
http://www.firewise.org
http://www.firewise.org
http://iafc.org/fac
http://fireadaptednetwork.org
http://fireadaptednetwork.org
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Human Dimensions of 
Firefighting Organizations  
and Decisionmaking
Fire organizations and firefighters are faced with balancing 
the short-term protection of human property, infrastruc-
ture, and other values exposed to wildfire risk against 
the potential long-term benefits that wildfires can 
provide to natural systems and wildlife populations. The 
compressed decision timeframes imposed on fire man-
agers during an incident are often insufficient to fully 
assess a range of fire management options and their 
respective implications for public and fire-responder 
safety, attainment of land and resource objectives, and 
future trajectories of hazard and risk. The task involves 
defining the landscape as a combination of biophysical 

and human characteristics that, when combined with 
fire behavior models, can give an overall picture of po-
tential burned area for both incident-specific situational 
awareness and longer term risk-management planning 
that includes both the costs and gains of wildland fire. 
This work includes the Wildland Fire Decision Support 
System (Calkin et al. 2011b; described previously) and 
other operational risk applications (O’Connor et al. 2016), 
as well as studies focused on (1) emergency manage-
ment strategies (McCaffrey et al. 2015); (2) exposure 
to aviation risk (Stonesifer et al. 2014); (3) effects of 
organizational, environmental, group, and individual 
characteristics on safety climate (Black and McBride 
2013); and (4) evaluations of trends in social media 
reports (Sachdeva et al. 2016).
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O U T C O M E

5

Strengthened Wildland Fire 
Ecology Practices Support-
ing Landscape Restoration

Diverse and comprehensive information and tools that characterize the eco-
logic costs and benefits are available to support the restoration of resilient 
landscapes; deliver clean, abundant water; and strengthen communities. 
Accessible science and technology exist for adaptive and collaborative fire 
management in the face of changing baseline conditions.

Fire regimes are usually expressed as wildfire frequency, extent, pattern, and severity (Agee 
1993, Bowman et al. 2009, Brown and Smith 2000, Keeley et al. 2009, Morgan et al. 2001). 
Note that in the context of fire ecology, fire severity refers to the effects of wildland fires on 
landscape and ecosystem components, including the human dimensions (Hardy 2005). 
Altered fire regimes, resulting from removal of burning by indigenous people, the effects 
of past land use and management activities, introduction of nonnative species, changing 
climate conditions, and socioeconomic influences have impacted landscape resilience 
and sustainable benefits for the public (Keane and Karau 2010). Forest Service R&D, 
along with partners, manages active research programs across the United States 
that have quantified the interaction of wildland fire with landscape composition, 
structure, and function and characterized the effects of wildland fire on ecosystem 
processes at multiple temporal and spatial scales. Much of this research incorpo-
rates human dimensions into studies of integrated socioecological systems (e.g., 
Ager et al. 2015, Fischer et al. 2016).

The products of the R&D Wildland Fire and Fuels program have contributed 
to understanding, predicting, assessing, and monitoring the interactions 
among wildland fire regimes, other ecosystem disturbances, changes in 
land use, climate variability and change, soil, water, vegetation, insects, 
disease, terrestrial and aquatic wildlife species and habitat, invasive 
species, and air quality. It is important to note that this body of research 
focuses on the potential for both negative and positive wildland fire 
effects on landscapes and communities (Keane and Karau 2010). 
Enhanced understanding of wildland fire ecology forms a sound 
foundation for managing wildland fire, developing and evaluating 
management programs, modeling outcomes, and assessing the 
risks and benefits of alternative management strategies focused 
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on restoring and maintaining resilient landscapes. Over 
the years, much of this research has become implicit 
to wildland fire management (e.g., Keane and Karau 
2010, Hessburg et al. 2016, Reynolds et al. 2013). The 
following sections briefly synthesize the tremendous 
amount of user-inspired wildland fire ecology produced 
and delivered by Forest Service R&D.

Fire History and Changing Fire 
Regimes
Across the United States, land managers are dedicated 
to restoring and maintaining landscapes that are sus
tainable under changing baseline conditions, mitigating 
wildfire risk, conserving open space, and delivering 
benefits to the public from its national forests and grass
lands (USDA Forest Service 2015a). Success depends 
on integrating science that characterizes wildland fire 
regimes and (1) how they have been altered with the 
expansion of land use during the past two centuries 
and (2) how they are likely to change in the future. Forest 
Service R&D has produced and delivered extensive 
knowledge, data, and applications that incorporate 
information about how fire regimes affect landscape 
composition, structure, and function across the United 
States. Notable examples from more than 400 studies 
into fire regimes and land management include Arno 
et al. (2008), Crawford et al. (2015), Dey et al. (2010), 
Hessburg et al. (2016); Heyerdahl et al. (2011), Iniguez 
et al. (2008), Jolly et al. (2015), Kitchen (2015), Littell et 
al. (2016), Miller et al. (2012), O’Connor et al. (2014), 
Reynolds et al. (2013), Ryan et al. (2010), Skinner et al. 
(2009).

Knowledge about historical fire regimes is built from 
proxies of fire, such as dates of scars formed on trees 
after fire-caused injuries, dates of post-fire vegetation, 
and sampling sediments in lakes for ash and charred 
particles. In many areas, historical records in the form 
of narratives and maps of historical fires (fire atlases) ex-
ist and may be used to characterize past fire regimes. 
The resulting site- and landscape-specific fire histories 
are then used to develop vegetation management ap-
proaches focused on restoring resilient landscapes and 
models of fire and climate interactions. These products 
are regularly used by Federal, State, tribal, and local 
governments; private organizations such as The Nature 
Conservancy; and individual landowners to guide land 
and fire management planning focused on resilient, 
productive landscapes.

This tremendous body of research indicates complex 
relationships between wildland fire and landscapes. In 
many arid landscapes of the Great Basin, Southwest, 

and Intermountain West, historical fire regimes with fires 
every 25 to 50 years have been changed profoundly 
by the introduction of nonnative annual grasses and 
increased land use (e.g., livestock grazing and oil and 
gas operations). Fires in these landscapes currently 
tend to be more frequent and severe, causing dramatic 
reductions in wildlife and water supply and quality 
(Finch et al. 2015, Kitchen 2015). In ponderosa and 
mixed conifer forests in the Western United States, fire 
exclusion from decades of effective fire suppression 
has resulted in a shift from relatively open stands main-
tained by frequent low-severity surface fires to denser, 
younger stands with higher potential for severe crown 
fires (Arno et al. 2008, Hessburg et al. 2016, Iniguez et 
al. 2008, Reynolds et al. 2013). In the Eastern United 
States, once abundant hardwood forests have become 
scarce because of the conversion to agriculture or the 
development of new forest structure resulting from fire 
exclusion (Dey et al. 2016). In the Lake States, Forest 
Service scientists have taken the novel approach of 
using witness trees from original public land surveys to 
reconstruct historical fire regimes (Thomas-Van Gundy 
and Nowacki 2013). A paradox exists when comparing 
historical fire regimes to contemporary fire regimes. 
Many landscapes of the United States historically 
experienced much larger fires than are common today. 
Studies that examine historical data along with contem-
porary stand structure, however, indicate that, although 
past fires were larger and sometimes more frequent, 
they were much less severe than contemporary fires. 
Most historical fires maintained forests of the United 
States by periodically consuming younger cohorts of 
vegetation that now serve as ladder fuels, increasing 
the risk of severe crown fire (Dey et al. 2016, Hessburg 
et al. 2016, Reynolds et al. 2013). In addition, wildfires 
today are made much more complex because of in
creased rates of expansion of development in the WUI 
and demands on natural resources (Thompson 2013).

In general, Forest Service R&D research into fire regimes 
across the United States and on diverse landscapes 
indicates that fire size and severity have been increasing 
during the past several decades. When used as a base-
line compared with medium- to long-term monitoring 
data, results generally suggest that mechanical treatment 
alone does not suffice when objectives include restoring 
resilient and productive landscapes and that combinations 
of mechanical treatments, prescribed fires, and managed 
wildfire tend to result in sustainable landscapes that 
provide clean abundant water, strengthen communities, 
and provide opportunities to connect people with the 
outdoors (USDA Forest Service 2015). 
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Biophysical Processes 
Fire is an ecosystem disturbance. It both affects and is 
affected by the ecological, biologic, and abiotic process 
of a landscape. Examples include soil characteristics, 
watershed function, vegetation composition, structure 
and condition, insects and diseases, and fire-climate 
interactions. As fire interacts with the biophysical pro
cesses across the landscape, other ecosystem distur-
bances, and land use and land management activities 
and trends, it can result in either costs or benefits to 
landscapes or human communities. 

Soil

Soil heating during intense wildland fires or burning of 
treatment residue (e.g., slash piles) can alter the soil 
permanently, resulting in significant long-term biological, 
chemical, and physical effects. To better understand 
these long-term effects, scientists with Forest Service 
R&D and their partners studied the effects of fire on 
soils and improved modeling capability focused on im-
mediate effects that fire can have on soils (Neary et al. 
2005). The effects of fire on soils are related to intensity, 
or the energy output from the fire. High-intensity fires 
tend to decrease soil productivity, while low-intensity 
fires can increase soil productivity (Halofsky et al. 2011). 
Changes associated with different severities of wildland 
fires produce diverse responses in soil. Both immediate 
and long-term responses to fire occur (e.g, first-order 
and second-order fire effects). Immediate effects occur 
as a result of the release of chemicals in the ash created 
by combustion of biomass. The response of biological 
components (e.g., soil microorganisms and vegetation) 
to these changes is both dramatic and rapid. Another 
immediate effect of fire is the release of gases and other 
air pollutants by the combustion of biomass and soil 
organic matter (Busse et al. 2014, Butnor et al. 2016, 
Ericksen et al. 2008, Massman 2015, Massman et al, 
2010, Neary et al. 2005, 2008, Yi et al. 2010). 

Watershed Function

Wildland fire can have substantial effects on watersheds 
and related ecological systems (e.g., freshwater eco
systems and water quality and supply). Any need to 
mitigate undesired wildland fire effects depends on the 
extent, continuity, and severity of the fire on the lithology, 
landform, and local climate. Wildland fires can have 
considerable effects on ecological processes, water 
quality and supply, species and habitats of concern, 
and potential for property and infrastructure damage 
from increased erosion and landslides and also the 
effectiveness of rehabilitation methods. Understanding 
this context is key to the effective prioritization of limited 

resources when conducting post-fire rehabilitation and 
restoration (Robichaud et al. 2016). Common practices 
for stabilization include seeding burned areas with 
either native or nonnative forbs or grasses, covering the 
burned surface with straw mulch or artificial materials, 
contour felling of logs, and covering the burned surface 
with wood sheds and strands (Robichaud et al. 2010).

Hydrological consequences of wildland fires depend on 
the intensity and the length of time the surface is exposed 
to smoldering and can last for decades (Woodsmith 
et al. 2007). Post-fire peak runoff and erosion can be 
orders of magnitude larger than prefire values, owing to 
the loss of surface cover and fire-induced changes in 
soil properties (Moody et al. 2013). Direct and indirect 
fire effects impact watershed function as large numbers 
of communities are surrounded by areas increasingly 
at risk of wildfire (Martinuzzi et al. 2015, Miller et al. 
2011). The level of influence of wildfires on water quality 
can be substantial, depending on the severity of the 
wildfire, the nature of vegetation cover, and the physical 
and chemical characteristics of the burned area. Large 
and fast streamflows from burned areas can pick up 
and transport large amounts of debris, sediment, and 
chemicals that significantly affect the quality and use of 
water downstream. Also, wildland fires can interrupt or 
terminate nutrient uptake and can increase mineraliza-
tion and mineral weathering (Aragai and Neary 2015).

This body of work by Forest Service R&D has contributed 
to a fundamental change in the understanding of fire 
effects on hillslope, watershed, and aquatic ecosystem 
processes and their recovery and has transformed 
emergency stabilization, rehabilitation, and restoration 
approaches. Proactive efforts to restore aquatic eco-
logical processes (e.g., habitat connectivity) and ensure 
clean and abundant water—before the inevitable 
wildfires occur—are now receiving significant attention 
throughout the West.

Fire-Vegetation Interactions
Effects of wildland fire on vegetation result from inter
actions between fire intensity and the characteristics 
of the plants in the burned area, both their inherent 
resistance to injury and their ability to recover (Brown 
and Smith 2000). The Forest Service R&D Wildland 
Fire and Fuels program’s focus on fire-vegetation 
interactions is substantial and diverse, with more than 
400 publications. For notable examples, see Dodson 
et al. (2008), Elliott et al. (2009), Hessburg et al. (2016), 
Hollingsworth et al. (2013), Hood et al. (2015), Jenkins 
et al. (2011), Keane and Parsons (2010), Knapp et al. 
(2009), Reynolds et al. (2013), Sturtevant et al. (2014). 
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Fuel characteristics, topography, soil components, wind 
speed, and the composition and structure of plant 
communities can cause lethal heat zones created by 
fire to vary significantly in time and space (Keane et 
al. 2013). Wildland fire causes significant, immediate 
changes in vegetation, eliminating some species or 
causing others to appear where they were not present 
before the fire (e.g., nonnative colonizers). 

Certain vegetation species can survive based on a single 
attribute; others survive based on multiple adaptations 
(Brown and Smith 2000). Some will be present after 
fire only if regenerative structures survive and produce 
sprouts, because their seedlings are unlikely to survive 
in post-fire environments (Hutchinson et al. 2012). 
Species of plants that cannot resprout after top-killing 
must establish from seed (Cottrel et al. 2008); some 
species can successfully recover from fire both by 
resprouting and by seedling establishment. In large 
areas that experience high-severity fire consuming the 
organic components of the soil, reproduction occurs 
from seeds dispersed from vegetation adjacent to the 
burned area (Lorenz et al. 2008). The immediate re-
sponse of plants can differ within the same fire because 
of variations in the pattern of burn severity (Stueve et al. 
2009). Post-fire vegetation communities are usually an 
assemblage of many of the species that were growing 
on the site and represented in the seedbank at the time 
of the fire. Many of the seedlings present in the first few 
post-fire years may have grown from seeds formed 
or resprouting species such as chaparral and certain 
tree species (Bradley et al. 2016). The only locations in 
which new species are likely to be added to the plant 
community are microsites that are severely burned and 
receptive to germination and establishment of seeds 
from species dispersed from off of the site (Cottrel et al. 
2008, Lorenz et al. 2008). During the past several years, 
the Joint Fire Science Program has had an active line of 
work investigating fire effects on vegetation (see http://
www.firescience.gov for more information).

Insects and Disease
Insect disturbance is thought to increase wildfire risk 
by increasing dead fuels across large landscapes; 
however, insect disturbances also modify tree species 
composition and structure to influence fire disturbances 
over longer time scales. Forest Service R&D scientists 
and their partners have investigated the short- and 
long-term interactions of both the effects of wildfire-
stressed forests on insect population and insect damage 
on subsequent wildfires. For examples across the United 
States, see James et al. (2011), Metz et al. (2013), Negron 
et al. (2008), Preisler et al. (2010), and Trotter (2013).

Single-age stand conditions and warm climate patterns 
have led to a large-scale outbreak of mountain pine 
beetle (Dendroctonus ponderosae) throughout the 
Rocky Mountain West. Once infested, trees die, and 
their needles turn red. Scientists have debated the ef-
fect these beetle-killed trees might have on fire behavior, 
but little is yet known. For example, beetle-killed trees 
lose their needles over time, and once all the needles 
have dropped, crown fire danger largely disappears; 
however, researchers currently do not know how long 
that process takes after infestation and, therefore, how 
long forests remain at risk for crown fire initiation and 
spread (the same may be said about drought mortality 
and wildfire; see the following section on climate change). 
Moreover, these red-needled trees have lower foliar 
moisture contents than do unattacked trees, leading 
to increased crown fire potential. Forest Service R&D, 
along with managers and partners, has focused on the 
time it takes for trees to lose their needles and found 
that after a beetle attack some needles stay on trees 
for up to 4 years (Collins et al. 2012, Jolly et al. 2012b). 
Researchers also investigated the moisture content 
of beetle-killed foliage before needle loss. They found 
that red needles have 10 times less moisture than 
healthy foliage and that red needles ignite 4 times faster 
than green needles. As a consequence, forests with a 
large number of beetle-killed trees are at a significantly 
higher risk of surface fires igniting the crown. Such low 
fuel moistures could also result in beetle-killed trees 
spotting ahead of the fire (Jolly et al. 2012a). Hood et al. 
(2015) found that treatment with low-severity fire (either 
prescribed fire or managed wildfire) increased tree 
defenses against insect infestations.

Climate Change
A warming climate is predicted to alter fire regimes 
across the United States (Keane and Lohman 2010, 
Keane et al. 2013, Littell et al. 2016, Sommers et al. 
2014), which is likely to have significant effects on 
many ecosystems. Predicting future fire occurrence 
and severity is challenging because of the uncertainty 
in future climate, associated vegetation changes, fuel 
distribution, and land use patterns across the landscape. 
Accurate predictions are needed, however, to improve 
understanding of how climate variability will affect 
disturbance regimes, carbon dynamics, and air quality 
and, ultimately, to inform fire and land management 
focused on establishing and maintaining resilient and 
sustainable landscapes and delivering benefits to the 
public (USDA Forest Service 2015). Empirical and 
modeling studies have been implemented by Forest 

http://www.firescience.gov
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Service R&D and partners across diverse landscapes 
and at a variety of spatial and temporal scales to char-
acterize climate-fire relationships. At the finest spatial 
and temporal scales, empirical data and modeling have 
been used to quantify the effects of local climatology 
on fire behavior and emissions. The regional fire history 
datasets have been compiled over large regions to 
determine fine- to broad-scale fire-climate patterns over 
long time periods (Heyerdahl et al. 2008, 2011; Jolly et 
al. 2015; Kitchen 2015; Morgan et al. 2014; Trouet et 
al. 2010). Modeling studies have been used to extend 
and generalize the empirical climate-fire information 
from fire history databases across the United States 
(Hemstrom et al. 2014, Keane and Lohman 2010, 
Keane et al. 2013, Lohman et al. 2011, Pollina et al. 
2013, Sample et al. 2014). Results generally indicate 
that a large amount of variability is in future landscapes 
because of climate change and fire interactions.

Although large wildfires are less common in the North-
eastern United States than in other parts of the country, 
the socioecological impacts of these events can be 
substantial. A combination of densely populated locales 
and the inherent challenge of accurately forecasting 
rare events accentuates the difficulties that land and 
fire managers face when managing large wildfires in 
the Northeast. Forest Service R&D scientists, along 
with partners, developed a wildfire weather climatology 
application that enables wildland managers to know 
where and when large wildfires have occurred in the 
past so future wildfire events can be predicted and 
managed with greater accuracy and confidence. 

In much the same way that BehavePlus (Andrews 
2014) integrates mathematical models of fire behavior, 
the First Order Fire Effects Model (FOFEM; Reinhardt 
and Keane 1998) integrates numerous models that 
predict vegetation mortality, fuel consumption, and 
soil heating. CONSUME (Ottmar et al. 1993) is another 
similar integration of mathematical models that predicts 
fuel consumption, heat release, and emissions from 
wildland fires.

Conclusion
Since the mid-20th century, the corpus of wildland 
fire science generally has concentrated on helping 
practitioners and leadership determine which fires are 
“good” fires and which fires are “bad” fires. Much of this 
body of knowledge was developed by Forest Service 
fire scientists. To provide an implementation framework 
for this notion of good fire and bad fire, the historian 
Stephen Pyne describes three general strategies for 
wildland fire management and response: (1) regressive, 

(2) proactive, and (3) reactive (Pyne 2013). A template 
of scientifically defined costs and benefits of fires is 
implicit in each strategy.

The regressive strategy is defined by Pyne as the at-
tempt to extinguish every fire quickly and aggressively, 
using every firefighting asset available (Pyne 2013). This 
strategy follows the historical paramilitary narrative of 
wildfire as a preventable natural disaster that needs to 
be attacked for the sake of public safety and saving 
lives, property, infrastructure, and natural resources. 
A need certainly exists for aggressive suppression in 
certain circumstances, and this strategy has been well 
grounded in the public’s understanding of fire through 
successful public service campaigns such as the 
Smokey Bear campaign.

Pyne’s second strategy—proactive—characterizes 
fire in terms of its environment. This strategy involves 
actively changing landscapes’ fire environments to 
result in fire behavior that is desired and relatively 
easily suppressed when it is not desired (Pyne 2013). 
The proactive strategy identifies the WUI as a critical 
zone to be prioritized when allocating management 
resources and firefighting assets. This strategy involves 
collaboration across jurisdictions at landscape scales 
where communities work with State, local, and tribal 
organizations to adapt fire-ready strategies that make 
them resilient to the eventual wildfire. Further, the 
proactive strategy sets objectives for landscapes that 
produce goods and services for the public (Pyne 2013).

The third strategy described by Pyne—the reactive 
strategy—focuses on holistically characterizing diverse 
landscapes (or firescapes) in terms of their fire environ-
ment, including land use change, changing baseline 
conditions, and other sources of disturbance, such as 
invasive species, insects, and disease. This strategy 
considers wildfires as inevitable, addresses every fire 
with the same approach regardless of source, and 
mandates managing wildfires as a cost-effective way 
to manage productive landscapes and mitigate the risk 
of future undesired wildfires (Pyne 2013). The reactive 
strategy fully embraces “appropriate management 
response” as articulated in current Federal wildland fire 
policy and considers wildfires as an effective manage-
ment alternative to accomplish fuel reduction similar to 
mechanical treatments and prescribed fires. Perhaps 
most importantly, this strategy emphasizes integrated, 
science-based risk assessments and response 
protocols that maximize firefighter and public safety. 
Under extreme conditions, there is no reason for crews 
to try to do what cannot be done (Pyne 2013). It follows 
the same model as hurricanes, so that evacuation and 
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post-fire response and recovery are the main tactics, 
as opposed to aggressive attack. This third strategy 
challenges scientists, managers, and decisionmakers 
to formalize and be accountable for the narrative that 
science informs and that management adapts.

In reality, all three strategies are applied today. Aggressive 
suppression is often the expedient strategy, which often 
results in pushing wildfire risk that may have been mit-
igated by less aggressive suppression into a challenge 
for future managers (Pyne 2013). Often, sociopolitical 
pressures are at play during critical decisions about 
suppression tactics and can outweigh approaches 
based on science. Wildland fire science can play a role 
in blending these three strategies into an advantageous 
approach to wildland fire management and response 
by helping to define good and bad fire in a way that 
is accessible to practitioners and well understood 
by the public. A more formal approach is needed so 
that science becomes implicit in decisionmaking and 
policymaking. Six critical elements are necessary for 
this to occur.

1.	 Formal mechanisms that deliver science at all levels 
and themes of decisionmaking and leadership that 
fosters cooperation in determining the requirements 
for new short- and long-term science.

2.	 A solid foundation in comprehensive, consistent, 
and repeatable wildland fire risk assessment that 
will inform practitioners and the public of the costs 
and benefits of wildland fire.

3.	 Science and technology that reduces uncertainty 
around decisions about less aggressive suppression 
tactics.

4.	 Further integration and investment that promote 
public education and enhanced practitioner training.

5.	 Building strategic science positions into the scalable 
Incident Command System used for wildfire response 
to effectively deliver science during times of critical 
decisionmaking.

6.	 Accessible information for building programs focused 
on large, collaborative landscape management 
activities that both reduce the risk of undesired fire 
and take advantage of the benefits of desired fire.

Outcomes from wildland fire science research, the existing 
culture of science/management networks, and wildland 
fire strategic development have made great progress 
in addressing each of these elements; however, much 
work needs to be accomplished. New mechanisms like 
the Federal Fire Science Coordination Council and the 
Joint Fire Science Program’s Fire Science Exchange 
Networks have great potential to address these elements 
into the future. Realizing a true science-informed national 
wildland fire management and response capacity requires 
advocacy at the highest levels of governance and 
investment in national programs that focus on—

•	 Establishing formal mechanisms for knowledge ex-
change and determining goals for strategic science. 

•	 Enhancing and maintaining data and systems for 
risk assessment and mitigation that enable cost/
benefit analysis in both tactical and strategic 
decisionmaking.

•	 Providing public education about good and bad fire 
and enhanced, science-based practitioner training.

With a focus on enhancing and formalizing the scientific 
foundations of wildland fire management and response, 
the Forest Service R&D Wildland Fire and Fuels program 
will continue to play a critical role in these areas and be 
the global leader in providing visionary and accessible 
wildland fire science for the future.
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A P P E N D I X

A

Organization and 
Program Components

The Wildland Fire and Fuels program is one of the seven major Research and Development (R&D) 
Strategic Program Areas (SPAs) in the Forest Service, an agency of the U.S. Department of Agriculture. 
The R&D Wildland Fire and Fuels program provides fundamental understanding of fire processes, fire/
ecosystem interactions, and the social and economic aspects of fire management. The program also 
provides knowledge and products that support operation in the four key areas of the National Fire 
Plan (NFP) and meet the goals of the Healthy Forests Restoration Act of 2003. Research is fo-
cused on assessing fire behavior and risk; modeling smoke; improving the characterization of fuels; 
identifying the effects of fire and fuel treatments on ecosystem components and processes, as 
well as water and air quality; distinguishing the interactions between fire and climatic patterns; 
understanding the social factors that affect community interactions and decisionmaking, as 
well as the economics of fire and fuel management; characterizing the effectiveness of haz-
ardous fuels treatments; identifying opportunities for biomass utilization; developing products 
from traditionally underused wood sources; integrating information from all areas into an 
improved understanding and modeling of landscape-scale management and impacts; and 
improving the application of science to meet management needs.

One of the most rapidly changing areas of wildland fire research is science delivery. 
Although refereed publications will always be the foundation of science delivery, all 
levels of the Forest Service are placing increased emphasis on new methods for 
getting research information and tools into the hands of those who need to use 
them. As a result of these activities and trends, the R&D Wildland Fire and Fuels 
program continues to be responsive to changing needs and on the leading edge 
of developing knowledge and tools to support sound decisions. 

The R&D Wildland Fire and Fuels program is carried out in 39 research groups, 
distributed across all of the five research stations, the Forest Products Labo-
ratory (FPL), and the International Institute of Tropical Forestry. Three Forest 
Service research laboratories are devoted primarily to wildland fire and 
fuels R&D: the Rocky Mountain Research Station’s (RMRS) Missoula Fire 
Sciences Laboratory in Missoula, MT (http://www.firelab.org/); the Pacific 
Southwest Research Station’s Fire Sciences Laboratory in Riverside, CA 
(http://www.fs.fed.us/psw/rfl); and the Pacific Northwest Research Sta-
tion’s Pacific Wildland Fire Sciences Laboratory in Seattle, WA (http://
www.fs.fed.us/pnw/pwfsl/). In addition to work conducted at these 
laboratories, all research stations and the FPL have significant pro-
grams or research work units that carry out fire research. In 2006, the 
Forest Service established a national Wildland Fire Management 
Research, Development, and Applications (RD&A) program at 

http://www.firelab.org/
http://www.fs.fed.us/psw/rfl
http://www.fs.fed.us/pnw/pwfsl/
http://www.fs.fed.us/pnw/pwfsl/
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RMRS and the National Interagency Fire Center (http://
www.nifc.gov/) in Boise, ID. External collaborators play 
a critical role in much of this R&D.

The R&D Wildland Fire and Fuels program is unique 
among Forest Service R&D programs in that the re-
search is currently supported broadly out of three sep-
arately appropriated programs: (1) Forest Service R&D, 
(2) the National Fire Plan Research and Development 
Program (NFP R&D), and (3) the Joint Fire Science 
Program (JFSP). Although each of these programs 
has different goals, the priorities and processes are 
complementary. 

The Forest Service R&D appropriation (base 
funding) has provided a foundation for the long-term 
scientific capacity, facilities, and research accomplish-
ments since the early 1900s. This funding supports 
most of the R&D Wildland Fire and Fuels program’s 
permanent research staff; maintains the experimental 
facilities, offices, and other infrastructure; and provides 
the essential core capacity on which staff build with 
funds from other sources. The program has a rich his-
tory in the Forest Service, the most successful periods 
of which have often resulted from partnerships with the 
fire management community (e.g., the FireScope RD&A 
program in the 1970s, which led to development of the 
Incident Command System now used around the world 
for disaster response). Program priorities for Forest Ser-
vice R&D are established by the R&D deputy staff and 
the research stations in consultation with the end users 
of the products of wildland fire and fuels research, 
stakeholders, and collaborators within and outside the 
Federal Government. Since 2006, the R&D Wildland 
Fire and Fuels program budget formulation and report-
ing have been carried out in the context of the Wildland 
Fire and Fuels R&D Strategic Plan. To track trends over 
time, stations have developed retrospective classifica-
tion of their programs and outputs in R&D Wildland Fire 
and Fuels portfolios from 2000 to the present.

The Joint Fire Science Program (http://www.
firescience.gov/) was created by Congress in 1998 as 
an interagency research, development, and science 
application partnership between the U.S. Department 
of the Interior (DOI) and the Forest Service. Program 
oversight is provided by a governing board, which 
includes representatives from five DOI agencies and the 
Forest Service with diverse backgrounds in R&D, fire 
management, and land management. JFSP supports 
research, tool development, and science application 
related to the following specific emphasis areas defined by 
Congress: fuel inventory and mapping; fuel treatment 
scheduling and risk assessment; fire effects and behavior; 
monitoring and evaluation; restoration of fire-adapted 

ecosystems; postfire stabilization, rehabilitation, and 
restoration; remote sensing; and developing and inte-
grating research information for local land managers.

The JFSP funds individual research and science appli-
cation projects for periods of up to 3 years. Projects 
are selected for funding through a rigorous peer review 
process. The program has funded 571 research studies 
that finished between 1998 and 2016 and 304 ongoing 
research projects from 2010 to 2016. On average, 
about 20 percent of the proposals received are funded. 
More than 90 colleges and universities, and numerous 
other partners, have collaborated on JFSP-sponsored 
research projects. The JFSP has a strong focus on 
management agency involvement and science applica-
tion to ensure that managers are aware of, understand, 
and can use the research results to make sound 
decisions and implement projects.

The National Fire Plan Research and Development 
Program was initiated in 2001 to conduct R&D activities 
in support of the four main goals of the NFP: (1) firefighting 
capacity, (2) rehabilitation and restoration, (3) hazardous 
fuel reduction, and (4) community assistance. The 
initial program was established through a competitive 
process internal to the Forest Service. As a result of 
this process, in 2001 and 2002, 78 research teams 
were established across the country, spread across 
the four key NFP areas. By the end of fiscal year 2006, 
the NFP had met all of its initial funding commitments. 
The current allocation process responds to the priorities 
outlined in the Wildland Fire and Fuels R&D Strategic 
Plan. With guidance from the strategic plan, and 
recommendations of the Wildland Fire and Fuels R&D 
portfolio teams and SPA team, NFP R&D continues to 
address NFP priorities in the four key areas:

•	 Firefighting capacity: Providing better models of 
weather, fire behavior, smoke, and other tools for 
improving firefighter decisions.

•	 Rehabilitation and restoration: Providing rapid 
response information and models to help restore 
landscapes and protect communities from the 
aftereffects of fire.

•	 Hazardous fuel reduction: Developing improved 
analysis tools for determining the effects and eco-
nomic tradeoffs of treatments intended to reduce 
fire risk by removing hazardous fuels.

•	 Community assistance: Working with communities 
to understand their needs and priorities, develop 
new approaches and materials for education, and 
recommend acceptable approaches to ensure 
adequate community protection from wildfire.

http://www.nifc.gov/
http://www.nifc.gov/
http://www.firescience.gov/
http://www.firescience.gov/


Research and Development Wildland Fire and Fuels Accomplishments and Outcomes / 47

Even though each of the program components 
described here has a slightly different emphasis and 
function, in practice the four work together in a comple-
mentary fashion. Many lines of work in wildland fire and 
fuels R&D receive support from all three appropriated 
programs; most of our active research is supported by 
NFP R&D or JFSP in addition to the base R&D Wildland 
Fire and Fuels program funding (figure 1).

External Funding
Additional research funding comes from external com-
petitive grants or other programs in partner agencies 
such as the National Aeronautics and Space Admin-
istration (NASA) and U.S. Environmental Protection 
Agency (EPA). National Science Foundation regulations 
generally prohibit the funding of Federal researchers. 
As science makes the transition from research into 
application and, eventually, operational use, operational 
budgets in the Forest Service, DOI, and other agencies 
increasingly provide funding support for wildland fire 
and fuels R&D. For example, projects involving the de-
velopment of the National Fire Danger Rating System, 
the implementation of seasonal fire severity forecasts 
for integrated response protocols, the development of 
a model that predicts fire spread probability (FSPro), 
the development of national data layers needed for 
modeling values at risk from wildfire (LANDFIRE), and 
R&D involvement in development of the Wildland Fire 
Decision Support System (WFDSS) are supported as 
special projects by Forest Service State and Private 
Forestry.

The importance of these other sources of funding is 
clear when looking at the proportion of the base R&D 
appropriation to other funding areas that currently sup-
port salaries of permanent employees (figure 1). Other 
fixed costs, such as facility maintenance, have also 
increased in the last 8 years. In some units, salaries and 

other fixed costs may account for more than 95 percent 
of the budget. The real costs of conducting state-of-the 
art research, including the costs of renovating facilities 
and providing up-to-date laboratory equipment and 
field instrumentation (e.g., for quantification of fire 
behavior, smoke dispersion, or windflow patterns), have 
also increased.

To overcome these resource and capacity obstacles, 
Forest Service R&D builds programs by clearly articulating 
research needs, developing consensus, and engaging 
stakeholders to formulate plans and strengthen partner
ships. This process includes collaborating with other 
deputy areas and agencies on funding and encouraging 
scientists to actively compete for internal and external 
funding. 

Staffing
In 2015, 117 scientists conducted wildland fire and 
fuels research, development, and science applications 
nationwide. Since 2000, the total number of scientific 
staff working on wildland fire and fuels R&D increased 
162 percent. The number of Research Grade Evaluation 
scientists (scientists whose grade level is determined 
using the Office of Personnel Management’s Research 
Grade Evaluation Guide) working on wildland fire R&D 
increased 45 percent, from 63 scientists in 2000 to 
117 scientists in 2015 (figure 2). At 100 employees, the 
number of professional and technical support staff has 
been stable since the 2000-to-2015 period. 

This situation most likely reflects a decrease in the num-
ber of temporary employees working on The Wildland 
Fire and Fuels R&D Program and a lack of replacement 
employees for some of the permanent employees who 
have left or retired, as funds available for the program 
R&D have fluctuated over that time period.

Figure 1. Forest Service Research and Development funding for the Wildland Fire and Fuels program by source of funding.
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The grade-level distribution of scientific and technical 
staff working on wildland fire R&D is shown in figure 3. 
This graph does not include any staff at grade levels 
lower than GS-7, which means that some student and 
summer temporary employees are not shown. It is worth 
noting, however, that the number of technical staff at 
the lower grade levels (GS-7 and GS-9) has mostly 
been decreasing since 2003 and 2004. The decrease 
may reflect either overall reductions in personnel or 
assignment of staff to other research areas as funding 
for the R&D Wildland Fire and Fuels program has fluctuated 
since 2000 (figure 1). On the other hand, the number 
of staff at higher grade levels (GS-14 and GS-15) either 

remained fairly constant or increased between 200 and 
2015, and staff at the highest grade level (GS-16) were 
added in 2013. The trends for staff at higher grade 
levels are most likely a reflection of the promotion of 
permanent scientists for whom grade level is based on 
performance and on complexity of research assignment 
under the Research Grade Evaluation Guide, which in-
volves a peer review process similar to faculty evaluation 
systems used by universities. Research Grade Evaluation 
scientists are generally considered to be performing at 
an equivalent level to tenured research faculty (associate 
or full professors) at a major university.

Figure 2. Full-time equivalent staffing of scientists, professionals, and technical staff working on fire-related research from 
2000 through 2015. The data for scientists include permanent scientists, as well as postdoctoral scientists classified under 
the Research Grade Evaluation Guide. Research Grade scientists are evaluated periodically, and the grade is determined by 
research assignment, supervisory controls, originality, contributions, impact, and stature.
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Figure 3. Distribution of scientific and technical staff working on the Research and Development Wildland Fire and Fuels 
program by grade level from 2000 through 2015. The y-axis represents the number of full-time equivalent staff members in 
each category.
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Facilities
Forest Service R&D scientists conduct research in 
a variety of settings: in Forest Service laboratories; 
on Federal, State, and private lands; and in facilities 
and on lands managed by national and international 
partners. Examples of unique Forest Service research 
facilities include the Missoula Fire Sciences Laboratory 
in Missoula, MT, with its wind tunnels and combustion 
chambers for experimental fire behavior research; the 
San Dimas Experimental Forest in southern California, 
with its long history of postfire erosion and hydrology 
data and experimental fire research; and the FPL, with 
specialized facilities for developing, pilot testing, and 
demonstrating new processes for using small-diameter 
woody materials. At the Fire Sciences Laboratory 
in Riverside, CA, an airplane equipped with a newly 
developed sensor system for monitoring wildfires can 
be deployed throughout the Western United States 
to provide high-quality data on active fires for use by 
incident teams, showing promise for evaluating the 
performance of fire behavior models.

Our scientists conduct wildland fire and fuels R&D 
throughout the United States—from Florida to Alaska 
and from Maine to California, in the tropical forests of 
Hawaii, and in Puerto Rico—and in many countries 
around the world, including Australia, Brazil, Canada, 
Mexico, Russia, and Spain. The research is of varying 
scales, from local to global, and is conducted in forests, 
shrublands, and grasslands managed for a variety of 
purposes, including urban-interface forests, wilderness 
areas, plantations, utility corridors, watersheds, old-
growth forests, wetlands, and aquatic systems.

The Forest Service has an extensive network of 81 
experimental forests and ranges (EF&Rs) and more than 
480 research natural areas (RNAs), which provide re-
searchers and collaborators with unique long-term data 
bases and experimental sites (figure 4). These sites, 
along with the long-term ecological research sites, such 
as the H.J. Andrews Experimental Forest, represent 
a wide range of ecosystems, management histories, 
disturbance patterns, and ecological conditions. EF&Rs 
and RNAs have associated long-term studies and 

Figure 4. Boundaries of Forest Service research stations. The Forest Service currently has five research stations; the Forest 
Products Laboratory (FPL) in Madison, WI; and the International Institute of Tropical Forestry (IITF) in Río Piedras, PR. The 
Pacific Northwest Research Station (PNW) is headquartered in Portland, OR; the Pacific Southwest Research Station (PSW) 
is in Albany, CA; the Rocky Mountain Research Station (RMRS) is in Fort Collins, CO; the Southern Research Station (SRS) 
is in Asheville, NC; and the Northern Research Station (NRS) is in Newtown Square, PA. 
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monitoring efforts that provide an invaluable record of 
impacts of and recovery from fire, postfire and fuels 
treatment, and other disturbances and allow unusual 
events to be placed in the context of larger spatial 
and temporal patterns. EF&Rs and RNAs provide 
opportunities to investigate forest management issues 
at the appropriate spatial and temporal scales and 
study the fundamentals of natural ecosystem structure 
and dynamics. This work has long been recognized as 
having regional, national, and international importance.

Many of these sites are recognized for their long-term 
commitment to fire research: Bonanza Creek in Alaska, 
Blacks Mountain in California, Bent Creek in North 
Carolina, and the Luquillo in Puerto Rico. For example, 
the San Dimas Experimental Forest in southern Cali-
fornia has been a laboratory for fire research for more 
than 70 years; research conducted there includes the 
effects of postfire treatments, fire impacts on birds and 
small mammals, erosion and hydrology, nutrient cycling 
and air quality, and long-term hydrologic, vegetation, 
and weather records. At the Coweeta Hydrological 
Laboratory in North Carolina, long-term studies are 
being conducted on the impacts of fire on hydrology 
and nutrient cycling on vegetation dynamics. The work 
builds upon and benefits from a more than 70-year re-
cord of large-scale vegetation and hydrologic dynamics 
in southern Appalachian watershed ecosystems. The 
continued cutting-edge research activities and products 
from EF&Rs and RNAs are the result of strong partner-
ships and long-term research efforts with universities, 
other Federal agencies, tribal governments, State 
governmental agencies, private industry and private 
land owners, and international cooperators.

Research on wildland fire and fuels is complex, multidis-
ciplinary, and often requires a long-term commitment. 
Teams need to be assembled at all levels, from local to 
international. The Forest Service has the unique ability 
to provide both expertise and a land base for integrated 
research at various spatial and temporal scales. Forest 
Service researchers have a mandate to serve the land 
and people of the United States; thus, our research is 
directly tied to the management of public and private 
lands. Access to forests, rangelands, and watersheds; 
decades of baseline data; qualified research staff; and 
broad regional, national, and international networks of 
cooperators provide a unique resource.

Publications
In response to increases in wildland fire R&D activity, 
starting with the initiation of JFSP in 1998 and con-
tinuing in 2001 with the start of NFP R&D funding, 
the number of refereed, peer-reviewed, and popular 
or user-oriented publications has steadily increased, 
from 118 publications per year in 2000 to 339 in 2015. 
From 2000 through 2015, Forest Service researchers 
reported 8,096 R&D Wildland Fire and Fuels program 
publications: 3,257 peer-reviewed, 2,521 refereed, 
and 2,318 other publications, tools, and Web-based 
products.

This increase in the total number of publication 
products reflects an increase in all types of scientific 
publications, from refereed journal publications to 
publications more aimed at synthesis and science ap-
plication (figure 5). This diversity reflects the recognition 
that a solid foundation of high-quality peer-reviewed 
science is required to support management decisions 
and the importance of the need to present the results of 
our science in forms that are useful to our users in the 
management and policy communities.

The number of refereed publications more than tripled 
from 2000 to 2015; the number of peer-reviewed 
publications increased more than 100 percent, and 
the number of other publications remained steady. The 
latter is in part a reflection of the increased numbers of 
tools and products that have been made available to 
users over the Internet. Not only has the overall number 
of publications increased since 2000, but the productiv-
ity of our wildland fire and fuels scientists appears to be 
increasing substantially as well. In 2000, the scientists 
working on wildland fire and fuels R&D produced an 
average of 4.0 publications per scientist year (SY); 
nearly 80 percent of these were peer-reviewed or ref-
ereed publications (figure 5). By 2015, the number had 
increased to about 5.6 publications per SY, with nearly 
90 percent in peer-reviewed or refereed publications. 
The data show a dip in productivity in 2007; this may 
be due to a decrease in funding that year.
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Figure 5. Trends in refereed and peer-reviewed publications per scientist year from 2000 through 2015.
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Working With Partners
Partnerships in wildland fire and fuels R&D take many 
forms, from on-the-ground collaboration on individual 
projects to participation in policy development on 
national and international levels. Scientists often partner 
with colleagues in other organizations to accomplish 
key objectives. Approximately 10 to 12 percent of For-
est Service fire research dollars currently are contracted 
out through grants and agreements. For the R&D Wild-
land Fire and Fuels program, the outgoing funds aver-
age about 25 percent of program funds, with a wide 
range from station to station. The types of agreements 
also vary considerably among stations. In some areas 
of wildland fire R&D, such as developing user interfaces 
for models, much of the work is done by contract or 
other types of agreements. Because of uncertainties 
in funding and a lack of the necessary skills within the 
current organization, contracting or making agreements 
is often a more effective solution to getting certain types 
of work accomplished than hiring new employees. 
When research groups use cooperators to accomplish 
major parts of a work program, matching fund require-
ments with these partners can leverage limited Forest 
Service dollars to conduct priority research.

Whether through direct funding or other types of collab-
orations, Forest Service researchers work with a wide 
range of colleagues and partners around the world. 
Forest Service research stations reported current col-
laborations with more than 555 different organizations 
in their wildland fire and fuels R&D activities between 
2008 and 2015. Collaborators include more than 160 
universities or academic institutions from nearly every 
State and a dozen foreign countries, including Australia, 
Brazil, Canada, China, France, Italy, Mexico, Portugal, 

and Russia. Federal agency collaborators outside the 
Forest Service and DOI include the U.S. Department 
of Defense, U.S. Department of Energy, EPA, NASA, 
National Oceanic and Atmospheric Administration 
(NOAA), National Institute of Standards and Technology, 
U.S. Agency for International Development, and nearly 
50 national parks and forests. Forest Service researchers 
collaborate with a broad range of more than 80 State 
and local environmental, resource, and planning agencies 
from Alaska to Florida. Stations also reported nearly 70 
nongovernmental organization collaborators, including 
The Nature Conservancy, The Wilderness Society, Nature 
Serve, and the National Council for Science and the 
Environment. Industry partners include lumber and paper 
companies, and power companies. Many of these vari-
ous collaborators provide funding or in-kind support for 
our wildland fire and fuels R&D activities (as discussed 
in the section on funding). All of them are an essential 
part of our programs and partners in our success.

In addition to participating in these many direct R&D 
collaborations, Forest Service R&D headquarters staff, 
station leadership, and scientists participate in a wide 
array of interagency and international activities involving 
information exchange, development of priorities, program 
planning, and other activities. At a national level, Forest 
Service R&D fire researchers and research managers 
are involved in a number of intra-agency and interagen-
cy teams, such as the National Wildland Fire Coordinat
ing Group (http://www.nwcg.gov/) and its subsidiary 
working groups; the Joint Action Group, led by the 
Forest Service and NOAA, that is developing national 
priorities for fire meteorology and smoke research; and 
the air quality and fire working groups of the North 
American Forestry Commission.

http://www.nwcg.gov/
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Participation of Forest Service R&D in leadership of 
JFSP is also a critical mechanism for interagency col-
laboration in setting research priorities and supporting 
R&D activities that meet those priorities. The JFSP gov
erning board includes representatives from R&D, fire, 
and land management from the Forest Service, and five 
DOI agencies, ensuring broad collaboration and coor-
dination of activities. Priorities set by this interagency 
group reflect the priorities of the partner management 
and research agencies for fire R&D within the scope of 
congressional program direction.

Forest Service Washington Office R&D wildland fire 
and fuels staff also participate actively in interagency 
working groups and committees under the Committee 
on Environment and Natural Resources, which recom
mends interagency science and technology needs 

and priorities to the White House Offices of Science 
and Technology Programs and of Management and 
Budget. These teams include the Subcommittee on 
Disaster Reduction, the Air Quality Subcommittee, and 
the Ecosystems Interagency Working Group of the 
Climate Change Science Program. All of these activities 
foster interagency collaboration at the national level and 
support the development of interagency, integrated 
R&D priorities.

Participation by Forest Service researchers and national 
staff in organizations, such as the International Union of 
Forest Research Organizations and the Global Obser
vation of Forest Cover/Global Office of Land Cover 
Dynamics Program, fosters international communication 
and helps ensure coordination of our efforts with other 
fire R&D activities around the world.
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